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ABSTRACT
The phenomenon o f  c h o k in g  o r  m ass l i m i t i n g  f lo w s  o f  tw o - p h a s e  m i x t u r e s  
i s  w e l l  known. The p a r t i c u l a r  c a s e  o f  c h o k in g  t w o - p h a s e  f lo w  i n  w h ich  m ass 
t r a n s f e r  t a k e s  p l a c e  b e tw e e n  p h a s e s  i s  d e s i g n a t e d  tw o - p h a s e  c r i t i c a l  f l a s h i n g  
f lo w ,  and  h a s  b e e n  t h e  s u b j e c t  o f  many t h e o r e t i c a l  an d  e x p e r i m e n t a l  i n v e s t i ­
g a t i o n s  .
I n  t h i s  w o rk ,  e x p e r i m e n t a l  an d  t h e o r e t i c a l  s t u d i e s  a r e  d e s c r i b e d  f o r  
c r i t i c a l  f l a s h i n g  f lo w s  o f  w a t e r  a t  t e m p e r a t u r e s  b e tw e e n  120 °C a n d 140 °C 
w i t h  maximum s y s te m  p r e s s u r e s  o f  10 b a r .
A s i m p le  m odel f o r  t u r b u l e n t  h e a t  t r a n s f e r  i s  d e v e lo p e d  from  t h e  
R e y n o ld s  F lu x  m odel by  i n t r o d u c i n g  a  s e c o n d  p a r a m e t e r  i n t o  t h e  d e s c r i p t i v e  
e q u a t i o n s .  T h is  r e v i s e d  f l u x  m odel i s  a d a p te d  f o r  p r e d i c t i o n  o f  r a t e s  o f  
e v a p o r a t i o n  and  c o n d e n s a t i o n  f ro m  t h e  s u r f a c e  o f  w a t e r  j e t s ,  e x p o s e d  t o  l a r g e  
v a r i a t i o n s  o f  s u r f a c e  p r e s s u r e  f o r  s h o r t  t im e  i n t e r v a l s  ( o f  o r d e r  1 m i l l i s e c o n d ) .  
The p r e d i c t i v e  e q u a t i o n ,  f o r  e v a p o r a t i o n  r a t e s ,  i s  shown t o  b e  a p p l i c a b l e  t o  
e x p e r i m e n t a l  s i t u a t i o n s  s i m i l a r  t o  t h e s e  fo u n d  i n  c e r t a i n  t y p e s  o f  c r i t i c a l  
f l a s h i n g  f lo w .
A new m odel o f  c r i t i c a l  tw o -p h a s e  f l a s h i n g  f lo w  i s  d e v e lo p e d  u s i n g  t h i s  
m ethod  o f  p r e d i c t i n g  e v a p o r a t i o n  r a t e s .
by c o m p a r i so n  w i t h  e x p e r i m e n t a l  d a t a ,  t h e  m odel i s  shown s u c c e s s f u l l y  t o  
p r e d i c t  r a t e s  o f  c r i t i c a l  f l a s h i n g  f lo w  o f  w a t e r ,  i n  n o z z l e s ,  i n  c a s e s  w h e re  t h e  
f lo w  i s  s u b c o o l e d  u p s t r e a m  o f  t h e  n o z z l e  e n t r a n c e .
F o r  t h e  e x p e r i m e n t a l  t e s t s ,  i n i t i a l l y  s u b c o o le d  w a t e r  a t  t e m p e r a t u r e s  up 
t o  140 °C a n d  p r e s s u r e s  up t o  7 b a r  was d i s c h a r g e d  t o  a t m o s p h e r i c  c o n d i t i o n s  
t h r o u g h  t e s t  n o z z l e s .  The c h o k in g  c o n d i t i o n  was o b t a i n e d  by  v a r y i n g  t h e  
u p s t r e a m  p r e s s u r e  w h i l e  m a i n t a i n i n g  c o n s t a n t  d o w n s tre am  c o n d i t i o n s .
11
The t e s t  n o z z l e s  w e re  m e t a l  w i t h  c i r c u l a r  c r o s s - s e c t i o n s  and  c o n s i s t e d  
o f  o n e  o f  t h r e e  s i m p le  fo rm s  o f  c o n v e r g i n g  e n t r a n c e  b e f o r e  a  p a r a l l e l  
s e c t i o n  a t  t h e  t h r o a t .  The n o z z l e s  fo rm e d  a  s e t  h a v i n g  l e n g t h s  o f  
50 mm, 75 mm, 100 ram and  125 mm f o r  e a c h  o f  two t h r o a t  d i a m e t e r s  o f  1 2 .5  mm 
an d  25 mm. N o z z le s  w e re  made w i t h  t h r e e  d i f f e r e n t  e n t r a n c e s  f o r  e a c h  l e n g t h  
an d  d i a m e t e r .  D a ta  a r e  r e p o r t e d  f o r  c r i t i c a l  f l a s h i n g  f l o w  r a t e s  o f  w a t e r  
i n  t h i s  s e t  o f  n o z z l e s .  By u s i n g  o n e  s i n g l e  s e t  o f  n o z z l e s  on t h e  same 
a p p a r a t u s ,  t h e  e f f e c t s  o f  v a r i a t i o n  o f  c r i t i c a l  f lo w  r a t e  w i t h  L e n g th /D ia m e te r  
r a t i o  c o u ld  b e  ex a m in e d  w i t h  g r e a t e r  c e r t a i n t y  t h a n  h a s  p r e v i o u s l y  b e e n  t h e  
c a s e  f o r  low p r e s s u r e  c r i t i c a l  f l a s h i n g  f l o w s .  P r e s s u r e  p r o f i l e s  o f  t h e  
f lo w  w i t h i n  t h e  n o z z l e s  a r e  r e p o r t e d  sh o w in g  t h e  v a r i a t i o n s  o f  p r e s s u r e  
p r o f i l e s  w i t h  n o z z l e  l e n g t h  and  e n t r a n c e  p r o f i l e  a t  t h e  c h o k e d  c o n d i t i o n .  
M easu rem en ts  o f  d i s s o l v e d  a i r  i n  t h e  w a t e r  u s e d  i n  t h e  e x p e r i m e n t s  a r e  a l s o  
i n c l u d e d .
The e x p e r i m e n t a l  d a t a  a r e  com pared  w i t h  t h e  a s s u m p t i o n s  made i n  d e r i v i n g  
t h e  t h e o r e t i c a l  m odel an d  w i t h  t h e  p r e d i c t i o n s  made f ro m  t h e  t h e o r e t i c a l  m odel
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Notes on Units, Notation and Organisation
T h e s e 'g e n e r a l  n o t e s  a r e  i n t e n d e d  t o  e x p l a i n  t h e  n o t a t i o n  u s e d  i n  
d e s c r i b i n g  t h e  v a r i o u s  p a r t s  o f  t h e  t h e s i s .
U n i t s  The u n i t s  u s e d  t h r o u g h o u t  a r e  S . I ,  u n i t s ,  w i t h  c e r t a i n  e x c e p t i o n s .
2The u n i t  o f  p r e s s u r e  o f  m a g n i tu d e  100 kN/m i s  d e s i g n a t e d  a s  t h e  " b a r " ,  
an d  i n  many c a s e s  t h e  c e n t i m e t r e  h a s  b e e n  u s e d  i n  p r e f e r e n c e  t o  t h e  
m i l l i m e t r e .  In  many d ra w in g s  o f  t h e  e x p e r i m e n t a l  r i g  
t h e  d im e n s io n s  a r e  e x p r e s s e d  i n  i n c h e s .  T hese  d ra w in g s  a r e  r e v i s e d  
c o p i e s  o f  t h o s e  u s e d  i n  c o n s t r u c t i o n .
D e s i g n a t i o n  o f  F i g u r e s  e t c . The num bers  a s s i g n e d  t o  f i g u r e s ,  t a b l e s ,  
and  p h o t o g r a p h s  a r e  d e f i n e d  a s  f o l l o w s . The f i r s t  num ber i s  t h e  c h a p t e r  
num ber an d  t h e  s e c o n d  num ber i s  t h e  num ber o f  t h e  f i g u r e  e t c .  i n  t h e  
c h a p t e r .  T hese  s e c o n d  num bers  a r e  a s s i g n e d  s e r i a l l y  an d  b e a r  no r e l a t i o n  
t o  t h e  s e c t i o n  o f  t h e  t e x t  t o  w h ich  t h e  f i g u r e  r e f e r s  e . g .  F ig  3 .3  r e f e r s  
t o  s e c t i o n  3 . 5 .  The n u m bers  o f  c o r r e s p o n d i n g  f i g u r e s  and  t a b l e s  o r  
p h o t o g r a p h s  may n o t  c o r r e s p o n d  b u t  t h e y  a r e  n o r m a l l y  p h y s i c a l l y  s i t u a t e d  
t o g e t h e r .  F i g u r e s  e t c  a r e  p l a c e d  a t  t h e  r e l e v a n t  p a r t s  o f  t h e  t e x t ,  
w here  p o s s i b l e .
F i g u r e s  e t c .  i n  Annexes a r e  n o t  n u m b ered .
Nu m b er in g  o f  E q u a t i o n s . When an e q u a t i o n  f i r s t  a p p e a r s  i n  t h e  t e x t  i t  
i s  num bered  s e r i a l l y  i n  t h e  c h a p t e r .  T h is  s e r i a l  num ber i s  p r e f i x e d  by 
t h e  c h a p t e r  n u m b er .  I f  an e q u a t i o n  a p p e a r s  i n  s e v e r a l  c h a p t e r s  i t  r e t a i n s  
i t s  o r i g i n a l  num ber e . g .  e q u a t i o n  ( 3 . 1 0 )  a p p e a r s  i n  c h a p t e r  3 and c h a p t e r  4 
a s  " e q u a t i o n  ( 3 . 1 0 ) " .
N o t a t i o n  The sy m b o ls  u s e d  i n  t h e  v a r i o u s  e q u a t i o n s  t o  d e n o te  c e r t a i n  
p a r a m e t e r s  a r e  l i s t e d  b e lo w .  In  g e n e r a l  t h e s e  a r e  t h e  c o n v e n t i o n a l  s y m b o ls ,  
w here  t h e  same l e t t e r  i s  u s e d  f o r  two d i f f e r e n t  p a r a m e t e r s  i n  common p r a c t i c e ,  
e . g .  V f o r  v i s c o s i t y  and s p e c i f i c  v o lu m e ,  t h i s  p r a c t i c e  i s  c o n t i n u e d  w here  no 
c o n f u s io n  c o u l d  a r i s e .
NOTATION
A = A rea
C = D i s c h a r g e  C o e f f i c i e n t
Cp = C o n c e n t r a t i o n
c = S p e c i f i c  H e a t
P
D = D ia m e te r
F = F r i c t i o n  F o rc e
f  = F r i c t i o n  F a c t o r
G -  Mass f lo w  r a t e  p e r  u n i t  a r e a
( S p e c i f i c  f lo w  r a t e )
h = H e a t  t r a n s f e r  c o e f f i c i e n t
h_  = E n t h a l p y  d i f f e r e n c e  b e tw e e n  l i q u i d  
an d  v a p o u r  ( a t  s a t u r a t i o n )
S l i p  R a t i  o
C o n d u c t i v i t y
O v e r a l l  l e n g t h  ( o f  n o z z l e )
Lew is num ber
Mass t r a n s f e r / u n i t  t im e
Mass f l u x  (Mass t r a n s f e r / u n i t  t im e  
p e r  u n i t  a r e a )
P r e s s u r e
P r a n d t l  num ber
I
q = H e a t  f l u x
R = U n i v e r s a l  Gas C o n s ta n t
r  = R ad iu s
s  = E n t ro p y
T = T e m p e ra tu re
t  = t i m e ,  ( e x p o s u r e  t i m e )
u = V e l o c i t y
W = Mass f lo w  r a t e
X = q u a l i t y
Y -  d i s t a n c e  ( f ro m  n o z z l e  e n t r a n c e )
= V o id ag e
~ E q u i l i b r a t i o n  c o n s t a n t  
= E n t i t y  s i z e  p a r a m e t e r  
= Mass f l u x  (R e y n o ld s  F lu x )
= T e m p e r a tu r e  d i f f e r e n c e  
= D e n s i t y  
T = E x p o s u re  t i m e  
?5(t) = E n t i t y  ag e  d i s t r i b u t i o n









S u f f i x e s
C = C r i t i c a l  f lo w  ( s o n i c  v e l o c i t y )  
" F o r  d i f f u s i o n  
-  E q u i l i b r i u m  v a l u e  
= F o r  l i q u i d  p h a s e
g = F o r  g a s  p h a s e
i  = I n s t a n t a n e o u s
o = At c o o r d i n a t e  o ( w a l l )
t , T  " A t  t im e  t ,  T 
y  = At c o o r d i n a t e  y .
PREFACE
In  t h i s  t h e s i s  e x p e r i m e n t a l  and  t h e o r e t i c a l  s t u d i e s  o f  c r i t i c a l  f l a s h i n g  
flows o f  w a t e r  w i l l  b e  d e s c r i b e d .  The work i s  p r i n c i p a l l y  c o n c e r n e d  w i t h  t h o s e  
mass l i m i t i n g  o r  c r i t i c a l  f l a s h i n g  f lo w s  i n  s h o r t  n o z z l e s  w here  t h e  f l o w  i s  
s u b c o o le d  l i q u i d  w a t e r  u p s t r e a m  o f  t h e  n o z z l e  and  i s  d i s c h a r g e d  t o  a  r e g i o n  
w here  t h e  l o c a l  p r e s s u r e  i s  l e s s  t h a n  t h e  s a t u r a t i o n  p r e s s u r e  c o r r e s p o n d i n g  
t o  t h e  l i q u i d  b u l k  t e m p e r a t u r e .  W i th in  t h e  n o z z l e  o r  f lo w  p a s s a g e ,  mass t r a n s f e r  
( f l a s h i n g )  t a k e s  p l a c e .
The s t u d y  o f  su c h  f lo w s  h a s  c o n s i d e r a b l e  v a l u e  b o t h  a s  a  p a r t  o f  some 
g e n e r a l  th e rm o d y n a m ic  r e s e a r c h  programme and  a l s o  a s  a  c o n t r i b u t i o n  t o  t h a t  
body  o f  k n o w led g e  u s e d  by t h e  e n g i n e e r i n g  d e s i g n e r .
I n  t h e  g e n e r a l  r e s e a r c h  c a s e ;  t h e  p ro b le m  o f  p r e d i c t i n g  r a t e s  o f  m ass 
t r a n s f e r  b e tw e en  p h a s e s  i n  f l o w s  o f  t h i s  t y p e  i s  n o t  y e t  c o m p l e t e l y  s o l v e d .
T h is  p a r t i c u l a r  p ro b le m  fo rm s  p a r t  o f  t h e  more g e n e r a l  p ro b le m  o f  t h e  p r e d i c t i o n  
o f  r a t e s  o f  e q u i l i b r a t i o n  i n  f l a s h i n g  m i x t u r e s . Hence a d d i t i o n a l  e x p e r i m e n t a l  
e v i d e n c e  on t h e s e  c r i t i c a l  f l a s h i n g  f lo w s  o f f e r s  f u r t h e r  t e s t s  f o r  any 
t h e o r e t i c a l  t r e a t m e n t  o f  e q u i l i b r a t i o n  r a t e s .
F o r  more c o n c r e t e  e n g i n e e r i n g  d e s i g n  p r o b le m s ,  a  k n o w led g e  o f  c r i t i c a l  
f lo w  r a t e s  o f  f l a s h i n g  m i x t u r e s  i s  o f t e n  o f  v c n s i d e r a b l e  v a l u e .  T y p i c a l  ex a m p le s  
o f  r e a l  s i t u a t i o n s  i n  w h ich  c r i t i c a l  f l a s h i n g  f lo w s  o f  i n i t i a l l y  s u b c o o l e d  w a t e r  
a r e  fo u n d  i n c l u d e  su c h  v a r i e d  s y s te m s  a s  f e e d - w a t e r  h e a t e r  d r a i n s , and  c e r t a i n  
t y p e s  o f  so a p  f l a k e  p r o d u c t i o n  m a c h in e r y .  I n  t h e s e  c a s e s  t h e  maximum p r e s s u r e  
i n  t h e  s y s te m  i s  o n ly  s l i g h t l y  g r e a t e r  t h a n  a t m o s p h e r i c  and  d i s c h a r g e s  a r e  a t  
p r e s s u r e s  l e s s  t h a n  a t m o s p h e r i c  p r e s s u r e .
Over t h e  l a s t  t w e n ty  y e a r s ,  much e f f o r t  h a s  b e e n  d e v o te d  t o  c r i t i c a l  
f l a s h i n g  f lo w s  o f  w a t e r  and  o t h e r  f l u i d s ,  t o  a s s i s t  t h e  d e s i g n  o f  s a f e t y  
m echanism s i n  n u c l e a r  r e a c t o r s .  I n  t h i s  c a s e  t h e  f lo w s  a r e  a t  h i g h  p r e s s u r e s  
and  t e m p e r a t u r e s .
The work w h ich  f o l l o w s  h a s  b e e n  p r i n c i p a l l y  o r i e n t a t e d  to w a r d s  t h e  p ro b lem  
a s  a  p a r t  o f  t h e  r e s e a r c h  programme c a r r i e d  o u t  i n  t h e  M e c h a n ic a l  E n g i n e e r i n g  
D e p a r tm en t  o f  t h e  U n i v e r s i t y  o f  G lasgow .
.1 -
C h a p te r  1 -  I n t r o d u c t i o n  and  Review o f  P r e v i o u s  Work
1 . 1  I n t r o d u c t i o n
T h is  t h e s i s  d e s c r i b e s  an  e x p e r i m e n t a l  and  t h e o r e t i c a l  s t u d y  o f  c e r t a i n  
a s p e c t s  o f  t w o - p h a s e  c r i t i c a l  f l a s h i n g  f l o w .  The work e x a m in e s  t h e  l i m i t i n g  
mass f lo w  r a t e  f o r  t h e  d i s c h a r g e  o f  i n i t i a l l y  s u b c o o le d  l i q u i d  from  some v e s s e l  
t o  a  r e g i o n  w h e re  t h e  l o c a l  p r e s s u r e  i s  b e lo w  t h e  s a t u r a t i o n  p r e s s u r e  c o r r e s ­
p o n d in g  t o  t h e  b u l k  t e m p e r a t u r e .  I n  t h i s  p a r t i c u l a r  work o n l y  t h e  c a s e  o f  
s h o r t  n o z z l e s  o f  c i r c u l a r  c r o s s  s e c t i o n  i s  c o n s i d e r e d ,  f o r  s y s te m s  i n  w h ich  
t h e  maximum p r e s s u r e  i s  l e s s  t h a n  10 t i m e s  a t m o s p h e r i c .  S h o r t  n o z z l e s  a r e  
d e f i n e d  h e r e  a s  t h o s e  f o r  w h ich  t h e  r a t i o  o f  o v e r a l l  l e n g t h  t o  t h r o a t  d i a m e t e r  
i s  l e s s  t h a n  1 2 .
The t h e o r e t i c a l  an d  e x p e r i m e n t a l  s t u d i e s  w h ich  fo rm  t h e  m ain  p a r t  o f  
t h i s  t h e s i s  a r e  p r e s e n t e d  from  C h a p te r  2 onw ards  b u t  i n  t h i s  f i r s t  c h a p t e r  
some o f  t h e  p r e v i o u s  e x p e r i m e n t a l  an d  t h e o r e t i c a l  s t u d i e s  o f  o t h e r  a u t h o r s  
w i l l  b e  r e v ie w e d  an d  d i s c u s s e d ,  t h u s  i l l u s t r a t i n g  t h e  p ro b le m s  i n  m aking  
p r e d i c t i o n s  f o r  tw o -p h a s e  c r i t i c a l  f l a s h i n g  f l o w s .  The n e x t  s e c t i o n  i s  a 
b r i e f  p r e s e n t a t i o n  o f  t h e  c o n c e p t s  m ost f r e q u e n t l y  u s e d  i n  d i s c u s s i n g  tw o - p h a s e  
c r i t i c a l  f l o w s .  T h ese  c o n c e p t s  a r e  a l l  u s e d  in  t h e  v a r i o u s  r e f e r e n c e s  r e v ie w e d  
i n  s e c t i o n s  1 . 3  and  1 . 4  b u t  i n  s e c t i o n  1 ,2  n o  i n d i v i d u a l  a t t r i b u t i o n  i s  g i v e n .
1 .2  Two-Phase F l a s h i n g  Flows
The p ro b le m s  w h ich  a r i s e  i n  t h e  a n a l y s i s  o f  c r i t i c a l  t w o - p h a s e  f l a s h i n g  
f lo w s  a r e ,  o f  c o u r s e ,  m e re ly  p a r t  o f  t h e  d i f f i c u l t i e s  e x p e r i e n c e d  i n  t h e  
p r e d i c t i o n  o f  tw o -p h a s e  s i n g l e  component f l o v r s . T h ese  i n  t u r n  form  o n l y  a  
s m a l l  p a r t  o f  t h e  com plex  s u b j e c t  o f  tw o -p h a s e  f l o w s .  Thus t h e  p r e d i c t i o n  
o f  tw o -p h a s e  c r i t i c a l  f l a s h i n g  f lo w s  a r e  s u b j e c t  t o  many o f  t h e  d i f f i c u l t i e s  
fo u n d  i n  t h e  p r e d i c t i o n  o f  more g e n e r a l  tw o -p h a s e  f l o w s .
Among t h e  more i m p o r t a n t  g e n e r a l  e f f e c t s  f r e q u e n t l y  a f f e c t i n g  t h e  d e s c r i p t i o n  
o f  tw o -p h a s e  f lo w s  a r e  t h e  f lo w  p a t t e r n  o f  t h e  p h a s e s  and  t h e  v e l o c i t i e s  o f  t h e  
p h a s e s .  Many a s p e c t s  o f  t h e  g e n e r a l  p ro b le m  h av e  b e e n  r e v ie w e d  by v a r i o u s  
a u t h o r s ,  f o r  exam ple  W a l l i s  ( 1 ) .
The d e v e lo p m e n t  o f  t h i s  s e c t i o n  b e g i n s  by  i n t r o d u c i n g  s im p le  tw o -p h a s e  
f lo w  e q u a t i o n s .
F o r  t h e  c a s e  o f  u n i - d i r e c t i o n a l  tw o -p h a s e  f lo w  i n  any  p a s s a g e ,  g e n e r a l  
e q u a t i o n s  may b e  w r i t t e n ,  e . g .
L i q u i d  C o n t i n u i t y  '^ f  “ “ ci)AU^ ............( 1 . 1 )
V apour C o n t i n u i t y  W ^  = a  AU . . . . . ( 1 . 2 )
Momentum Adp = d(W U t  W_Ur) t  dF ............ ( 1 . 3 )g g f  f  w
w here  A i s  t h e  p a s s a g e  c r o s s  s e c t i o n  f o r  t h e  f lo w
‘f
s p e c i f i c  volum e o f
v a p o u r  a  v o id  f r a c t i o n  -  c r o s s  s e c t i o n
l i q u i d o c c u p ie d  by  v a p o u r
rv a p o u r  
mean v e l o c i t y  o f  t
^ l i q u i d
f lo w  r a t e  o f
fvap o u r
Il i q u i d
dF = F r i c t i o n  f o r c e  on e l e m e n t  a t  w a l l ,  w *
The t o t a l  f lo w  r a t e  i n  t h e  p a s s a g e  i s  M = t  W
U U
W = (1  - a )  A~- t  aA—&
g
. . . . . ( 1 , 4 ) ,
The t o t a l  m ass f lo w  r a t e ’ p e r  u n i t  a r e a  i s  d e n o te d  by  G
w here
W U U
G “ T “ ( l  - a )  .7^ 4- , . . . . ( 1 . 5 )
f
A u s e f u l  p a r a m e t e r  i s  f r e q u e n t l y  u s e d  i n  t h e  e x p r e s s i o n  f o r  G i n
p l a c e  o f  t h e  v o i d - f r a c t i o n  ( a ) .  T h is  i s  t h e  q u a l i t y  ( x )  and  i s  e x p r e s s e d  
W
a s  X = ™ m a n y  f lo w  s i t u a t i o n s  t h e  q u a l i t y  i s  more e a s i l y
S ' f  ^
fo u n d  t h a n  t h e  v o i d  f r a c t i o n .  U s in g  e q u a t i o n s  ( 1 . 1 )  an d  ( 1 . 2 )  t o  e x p r e s s
t h e  v o i d - f r a c t i o n  i n  t e rm s  o f  q u a l i t y  and  s u b s t i t u t i n g  f o r  a  i n  ( 1 . 5 ) ,  a
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The r a t r o  y™ i s  g r e a t e r  t h a n  one f o r  m o s t  f lo w s  an d  c o n v e n t i o n a l l y ,  
g
t h i s  r a t i o  i s  known a s  t h e  s l i p  r a t i o ;  d e n o t e d  by  K, i . e .
U
K = - r ^  . '  ( 1 . 7 ) .
N o rm a lly  K > 1 .  W r i t i n g  e q u a t i o n  ( 1 . 6 )  w i t h  s u b s t i t u t i o n  f o r  K.
-1
 ( 1. 8) .
V
( 1 — x )  +77 77^
K
G i s  t h e r e f o r e  e x p r e s s e d  i n  t e r m s  o f  t h e  q u a l i t y ,  t h e  s l i p  r a t i o  and  
t h e  v e l o c i t y  o f  t h e  l i q u i d  p h a s e .  The v e l o c i t y  o f  t h e  l i q u i d  p h a s e  m ust  
be  fo u n d  i n  t e r m s  o f  t h e  p r e s s u r e  g r a d i e n t  f o r  a  p a r t i c u l a r  f l o w .
I f  dP;^ = 0 i n  e q u a t i o n  ( 1 . 3 ) ,  a s  w i l l  be t h e  c a s e  f o r  f l o w s  a t  h ig h
v e l o c i t i e s  i n  s h o r t  p a s s a g e s ,  t h e n  ( 1 . 3 )  may be  w r i t t e n  a s
-  dP = G d [xU + (1 -  x)U 1g f j
i . e .  -  dP = G d fu ^ (x K  + (1  -  x) ) J ............ ( 1 . 9 ) .
From e q u a t i o n s  ( 1 . 8 )  an d  ( 1 . 9 )  i t  i s  c l e a r  t h a t  t h e  p r e d i c t i o n  o f
tw o - p h a s e  f lo w  r a t e s  r e q u i r e s  a  k n o w led g e  o f ,  n o t  o n l y  p r e s s u r e  g r a d i e n t s  
and  d e n s i t i e s  o f  t h e  p h a s e s  a s  i n  t h e  s i n g l e  p h a s e  f lo w  c a s e ,  b u t  a l s o  o f  
t h e  q u a l i t y  an d  o f  t h e  s l i p  r a t i o .  F u r t h e r ,  i n  some c a s e s ,  i t  may be  n e c e s s a r y  
t o  h av e  a  k n o w led g e  o f  t h e  f lo w  p a t t e r n  i n  o r d e r  t h a t  any  f r i c t i o n a l  e f f e c t s  
can  be  a s s e s s e d .
When t h e  c a s e  o f  f l a s h i n g  f lo w s  i s  c o n s i d e r e d ,  t h e  p ro b le m  o f  p r e d i c t i o n  
i s  f u r t h e r  c o m p l i c a t e d .  C o n s id e r  t h e  c a s e  o f  a  tw o - p h a s e  m i x tu r e  i n i t i a l l y  
i n  a  s t a t e  o f  th e rm o d y n a m ic  e q u i l i b r i u m  b e tw e e n  t h e  p h a s e s . I f  t h i s  m i x tu r e  
i s  t o  f lo w  th r o u g h  some p a s s a g e ,  t h e n  i t  m u s t  be  a c c e l e r a t e d  from  r e s t  by  a  
p r e s s u r e  g r a d i e n t .  I n  t h e s e  c i r c u m s t a n c e s  t h e  l o c a l  p r e s s u r e  may d ro p  b e lo w  
t h e  s a t u r a t i o n  p r e s s u r e  c o r r e s p o n d i n g  t o  t h e  b u l k  t e m p e r a t u r e  o f  t h e  m i x t u r e .
T h is  i s  an  u n s t a b l e  th e rm o d y n am ic  s t a t e  and  e q u i l i b r i u m  can  o n l y  be r e s t o r e d  
by a  p h a s e  ch an g e  w h ich  i n c r e a s e s  t h e  v a p o u r  f r a c t i o n  i n  t h e  f l o w .
The p r o p o r t i o n  o f  t h e  l i q u i d  volum e w h ich  m ust e v a p o r a t e  i n  o r d e r  t o  r e s t o r e  
th e rm o d y n a m ic  e q u i l i b r i u m  may ho c a l c u l a t e d ,  a s  f o r  ex am p le  by S i l v e r  ( 2 ) .
b e t  h^^  b e  t h e  d i f f e r e n c e  i n  t h e  e n t h a l p y  h ^  o f  t h e  l i q u i d  p h a s e  and  
t h e  e n t h a l p y  h  o f  t h e  v a p o u r  p h a s e  a t  t h e  same t e m p e r a t u r e  an d  p r e s s u r e .
The s p e c i f i c  h e a t  o f  t h e  l i q u i d  a t  c o n s t a n t  p r e s s u r e  i s  d e n o t e d  by  and
o f  t h e  v a p o u r  by C . The d i f f e r e n c e  b e tw e en  t h e  s a t u r a t i o n  t e m p e r a t u r e  and
Pg
t h e  b u lk  t e m p e r a t u r e  o f  t h e  m i x tu r e  i s  AT,
Now t h e  e n t r o p y  o f  m i x tu r e  o f  v a p o u r  and l i q u i d  w i t h  m ass f r a c t i o n  x i s
S -  + x ( - ^ ) ........................................................ ....... ( 1 . 1 0 ) .
D i f f e r e n t i a t i n g  ( 1 . 1 0 )  and  a s s u m in g  no  g a i n  o r  l o s s  o f  h e a t  i n  t h e  l i q u i d  
v a p o u r  s y s t e m .  On r e a r r a n g i n g  t e r m s .
= b   ( 1 . 1 1 ) .
f g  ^ f
dU s in g  t h e  C l a u s i u s - C l a p e y r o n  r e l a t i o n  t o  e l i m i n a t e  —  (” ^ - )  i n  ( 1 . 1 1 ) .
fc + x(C  -  C )1 . . . . . ( 1 . 1 2 ) .
h g  Pf Pg. Pf ^
I f  C an d  C a r e  o f  t h e  same o r d e r  a s  i s  f r e q u e n t l y  t h e  c a s e  e . g .  f o r
Pg P f
w a t e r  s u b s t a n c e ,  an d  t h e  q u a l i t y  i s  low  ( s a y  x < 0 . 1 ) ,  t h e n  ( 1 , 1 2 )  may be  
a p p r o x im a te d  a s  ^
^  (1 .1 3 ).
' ' f g
w here  Ax^ d e n o t e s  t h e  ch an g e  i n  q u a l i t y  i f  th e rm o d y n a m ic  e q u i l i b r i u m  i s  
r e s t o r e d  b e tw e e n  t h e  p h a s e s .
However m ass t r a n s f e r  b e tw e en  p h a s e s  p r o c e e d s  a t  a  f i n i t e  r a t e  and  i f  t h e  
change  i n  p r e s s u r e  on t h e  m i x tu r e  t o o k  p l a c e  o v e r  a  s h o r t  t im e  i n t e r v a l  t h e n  
t h e  p o s s i b i l i t y  e x i s t s  t h a t  t h e  p h a s e s  w i l l  n o t  a c h i e v e  th e rm o d y n a m ic  
e q u i l i b r i u m .  A m e t a s t a b l e  s t a t e  o f  t h i s  t y p e  w ould  b e  m o s t  l i k e l y  t o  e x i s t  
i n  a  s y s te m  w i t h  a  h i g h  p r e s s u r e  g r a d i e n t  and  f lo w  v e l o c i t y ,  and  t h e s e  
c o n d i t i o n s  a r e  t h o s e  w h ich  a r e  a s s o c i a t e d  w i t h  c r i t i c a l  f l o w s .
The p o s s i b i l i t y  o f  l a c k  o f  e q u i l i b r a t i o n  can  b e  a l l o w e d  f o r  b y  i n t r o d u c i n g  
a  p a r a m e t e r  6 ,  t h e  e q u i l i b r a t i o n  c o n s t a n t ,  d e f i n e d  by
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w here  Ax i s  t h e  ch an g e  i n  q u a l i t y  f o r  t h e  p a r t i c u l a r  s y s te m .  C l e a r l y  
B ^  1.
C e r t a i n  p a r a m e t e r s  o f  t h e  f lo w  w i l l  a f f e c t  t h e  v a l u e  o f  3 f o r  a  p a r t i c u l a r  
s y s t e m .  Among t h e s e  a r e ,  t h e  p r e s s u r e  g r a d i e n t  and  t h e  v e l o c i t i e s  o f  t h e  p h a s e s ,
3 w i l l  a l s o  d ep e n d  on t h e  f lo w  p a t t e r n ,  s i n c e  t h e  r a t e  o f  v a p o u r  e v o l u t i o n  w i l l  
be p a r t l y  c o n t r o l l e d  by  t h e  a r e a  o f  t h e  s u r f a c e  b e tw e e n  t h e  p h a s e s .  Thus any 
m odel o f  f l a s h i n g  f lo w  m ust  i n c l u d e  e i t h e r  some a s s u m p t io n  o f  f lo w  p a t t e r n  o r  
assum e c o m p le te  th e rm o d y n a m ic  e q u i l i b r i u m  b e tw e en  p h a s e s  a t  a l l  p o i n t s ,  an 
i d e n t i c a l  a s s u m p t io n  t o  t h a t  o f  i n d n i t e  m ass t r a n s f e r  r a t e  b e tw e e n  p h a s e s .
As an ex am p le  o f  t h e  e f f e c t  o f  f lo w  p a t t e r n  c o n s i d e r  a  low  q u a l i t y  f l o w .  I f  
t h e  f lo w  c o n s i s t e d  o f  a  v e r y  l a r g e  num ber o f  s m a l l  v a p o u r  b u b b l e s  d i s p e r s e d  
i n  t h e  l i q u i d  p h a s e  t h e n  t h e  a r e a  o f  s u r f a c e  w ould  b e  much l a r g e r  t h a n  f o r  a 
f lo w  w i t h  t h e  same q u a l i t y  b u t  w i t h  t h e  p h a s e s  c o m p l e t e l y  s e p a r a t e d .  C o n s e q u e n t ly
a l l  o t h e r  c o n d i t i o n s  b e i n g  t h e  sam e, t h e  b u b b ly  f lo w  w o u ld  h av e  a l a r g e r  v a l u e  o f
3 t h a n  t h e  s e p a r a t e d  f l o w .
From t h e  above  d i s c u s s i o n  c e r t a i n  r e q u i r e m e n t s  f o r  m o d e ls  o f  tw o -p h a s e  
f l a s h i n g  f lo w  can  b e  i d e n t i f i e d .  A l l  su c h  m ode ls  w i l l  p r e s e n t  t h e  m ass f lo w  
r a t e  p e r  u n i t  a r e a  i n  t h e  fo rm  o f  ( 1 , 8 ) ,  and  h en c e  m ust  i n c l u d e  some p r e d i c t i o n
p r o c e d u r e  f o r  b o t h  q u a l i t y  an d  s l i p  r a t i o .  These  q u a n t i t i e s  n e e d  n o t  be
c o r r e l a t e d  b u t  i f  an e q u a t i o n  o f  t h e  fo rm  ( 1 . 8 )  i s  u s e d  t o  p r e d i c t  t h e  m ass 
f lo w  r a t e  t h e n  t h e  e f f e c t s  o f  v a r i a t i o n s  i n  t h e s e  two q u a n t i t i e s  i n t e r a c t .
F o r  any  c o n s t a n t  v a l u e  o f  mass f lo w  r a t e  (G) i n  e q u a t i o n  ( 1 . 8 )  t h e r e  
e x i s t s  a  s e t  o f  d i f f e r i n g  p a i r s  o f  v a l u e s  o f  s l i p  r a t i o  and  q u a l i t y ,  e a c h  
p a i r  p r e d i c t i n g  t h e  same v a l u e  o f  t h e  mass f lo w  r a t e .  The v a r i a t i o n  o f  s l i p  
r a t i o  r e q u i r e d  t o  p r e d i c t  a  c o n s t a n t  m ass f lo w  r a t e  f o r  v a r y i n g  q u a l i t y  i s  
shown i n  F ig u r e  1 . 1 ,  F ig u r e  1 . 1  shows t h e  v a l u e s  o f  q u a l i t y  and  s l i p  r a t i o  
r e q u i r e d  t o  p r e d i c t  a  c o n s t a n t  mass f lo w  r a t e  f o r  a s t e a m - w a t e r  m i x tu r e  a t  
a  t e m p e r a t u r e  o f  100 °C and  a t m o s p h e r i c  p r e s s u r e .
The e f f e c t  on t h e  mass f lo w  r a t e  o f  v a r y i n g  t h e  s l i p  r a t i o  i s  shown i n  
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t h a t  u n d e r  c e r t a i n  c o n d i t i o n s  t h e '  l i q u i d  p h a s e  v e l o c i t y - p r o d u c e d  by  some 
f i x e d  p r e s s u r e  g r a d i e n t  w i l l  n o t  v a r y  g r e a t l y  o v e r  a  r a n g e  o f  s l i p  r a t i o s .  T h is  
i s  t h e  c a s e  f o r  low q u a l i t y  f lo w s  (x  < 0 . 1 )  and  F i g ,  1 . 2  shows t h e  v a r i a t i o n  
o f  m ass f lo w  r a t e  w i t h  s l i p  r a t i o  f o r  t h e  f lo w  o f  a  s t e a m - w a t e r  m i x tu r e  a t  
a t m o s p h e r i c  p r e s s u r e  an d  100 °C w i t h  a  l i q u i d  p h a s e  v e l o c i t y  o f  30 m / s , f o r  
a  r a n g e  o f  q u a l i t i e s .
C l e a r l y  from  F i g .  1 . 2  v a r i a t i o n s  o f  s l i p  r a t i o  w i l l  n o t  g r e a t l y  a f f e c t  
t h e  v a l u e  o f  mass f lo w  r a t e  f o r  low q u a l i t y  f lo w s   ^ i f  t h e  s l i p  r a t i o  a lw a y s  
h a s  v a l u e s  g r e a t e r  t h a n  1 0 .
An a u t h o r  p r o p o s i n g  a  m odel o f  tw o -p h a s e  f l a s h i n g  f lo w  may u s e  t h e  i n t e r ­
a c t i o n  o f  s l i p  r a t i o  and  q u a l i t y  shown i n  F i g .  1 . 1 .  t o g e t h e r  w i t h  t h e  r e d u c e d  
e f f e c t  o f  t h e  s l i p  r a t i o  on m ass f lo w  r a t e  shown i n  f i g .  1 , 2  t o  overcom e some 
o f  t h e  d i f f i c u l t i e s o f  p r e d i c t i n g  q u a l i t y  and s l i p  r a t i o .
The a u t h o r s  o f  su c h  m o d e ls  a r e  n o r m a l l y  a t t e m p t i n g  t o  p r o d u c e  t h e o r e t i c a l  
p r e d i c t i o n s  r o r .  t h e  mass f lo w  r a t e s  i n  some f lo w  s y s te m  an d  com pare  t h e s e  w i th  
o b s e r v e d  e x p e r i m e n t a l  v a l u e s .  I f  a  v a l u e  o f  q u a l i t y  i s  c h o s e n  w h ich  i s  h i g h e r  
t h a n  t h e  e x p e r i m e n t a l  v a l u e  i n  t h e  r e a l  f lo w  ( f o r  ex am p le  b y  a s s u m in g  th e r m o ­
dynam ic  e q u i l i b r i u m  b e tw e e n  p h a s e s )  t h e n  t h e  t h e o r e t i c a l  m o d e l  s h o u l d  u n d e r p r e d i ;  
mass f lo w  r a t e s  i f  t h e  s l i p  r a t i o  i s  c o r r e c t l y  p r e d i c t e d ,  b u t  t h i s  u n d e r p r e d i c t i :  
can  be  overcom e by  c h o o s in g  some i n c r e a s e d  v a l u e  o f  t h e  s l i p  r a t i o .  F u r t h e r  i f  
t h e  q u a l i t y  i s  c o r r e c t l y  p r e d i c t e d  an e r r o r  i n  p r e d i c t i o n  o f  t h e  s l i p  r a t i o
w i l l  n o t  g r e a t l y  a f f e c t  t h e  p r e d i c t i o n  o f  t h e mass f lo w  r a t e
A l th o u g h  t h i s  work i s  c o n c e rn e d  w i t h  c r i t i c a l  o r  mass l i m i t i n g  f l o w s ,  
d i s c u s s i o n  o f  niass l i m i t i n g  o r  c h o k in g  m echan ism s w i l l  be  d e f e r r e d  u n t i l  t h e  
p r e s e n t a t i o n  o f  t h e o r e t i c a l  m o d e ls  i n  s e c t i o n  1 . 4 .
From t h e  ab o v e  d i s c u s s i o n  i t  i s  p o s s i b l e  t o  i d e n t i f y  a  num ber o f  f a c t o r s  
w h ich  r e q u i r e  t o  be  c o n s i d e r e d  i n  an y  s tu d y  o f  tw o -p h a s e  c r i t i c a l  f l a s h i n g  f low  
w h e th e r  t h e o r e t i c a l  o r  e x p e r i m e n t a l .  T hese  i n c l u d e :
( a )  t h e  v a r i a t i o n  o f  t h e  q u a l i t y  o f  t h e  f lo w  an d  t h e  e f f e c t s  o f  t h e s e  
v a r i a t i o n s  on f lo w  r a t e s ,  e s p e c i a l l y  c a s e s  o f  d e v i a t i o n  fro m  th e rm o d y n a m ic
2 Eff<
- 7 -
(b )  t h e  v e l o c i t i e s  o f  t h e  p h a s e s .  a:ol t h e  s l i p  r a t i o ,
( c )  t h e  c r i t i c a l  p r e s s u r e  and  t h e  m echanism  f o r  c h o k in g .
In  t h e  n e x t  s e c t i o n s  v a r i o u s  e x p e r i m e n t a l  and  t h e o r e t i c a l  s t u d i e s  a r e  
,• d i s c u s s e d  w i t h  p a r t i c u l a r  e m p h a s is  on t h e  t h r e e  f a c t o r s  n o t e d  a b o v e .
1 . 3  E x p e r im e n ta l  Work
T h is  s e c t i o n  r e v i e w s  v a r i o u s  c o n t r i b u t i o n s  t o  t h e  vo lum e o f  e x p e r i m e n t a l  
d a t a  on tw o - p h a s e  c r i t i c a l  f lo w s  i n  p i p e s  and  n o z z l e s .  Most o f  t h e  s t u d i e s  
r e v ie w e d  u s e d  w a t e r  as  t h e  e x p e r i m e n t a l  f l u i d  b u t  some s t u d i e s  h a v e  u s e d  o t h e r  
f l u i d s  e . g .  v a r i o u s  r e f r i g e r a n t s ,  an d  ev e n  l i q u i d  s o d iu m .
A l l  e x p e r i m e n t a l  a p p a r a t u s  u s e d  f o r  s t u d i e s  o f  t h i s  t y p e  may b e  g e n e r a l i s e d  
a s  c o n s i s t i n g  o f  tw o v e s s e l s  i n t e r c o n n e c t e d  by  a  t e s t  s e c t i o n .
One v e s s e l  i s  p r e s s u r i s e d  a n d  u s e d  t o  h e a t  t h e  w o rk in g  f l u i d  w h i l e  t h e
o t h e r  i s  m a i n t a i n e d  a t  a  p r e s s u r e  l o w e r  t h a n  t h e  s a t u r a t i o n  p r e s s u r e  f o r  t h e
f l u i d  t e m p e r a t u r e .  When t h e  w o rk in g  f l u i d  i s  a l l o w e d  t o  f lo w  b e tw e en  t h e  
v e s s e l s  t h e  f l o w  r a t e  i s  fo u n d  t o  i n c r e a s e  w i t h  t h e  p r e s s u r e  d ro p  b e tw e en  
t h e  v e s s e l s  up t o  a  l i m i t i n g  o r  c h o k in g  v a l u e ,  a s  shown i n  F i g .  1 , 3 ,  However 
t h i s  p r e s s u r e  d ro p  can  be  o b t a i n e d  i n  two ways: ( a )  by  i n c r e a s i n g  t h e  p r e s s u r e  
i n  t h e  u p s t r e a m  v e s s e l ,  o r  (b )  b y  d e c r e a s i n g  t h e  p r e s s u r e  i n  t h e  dow nstream  
v e s s e l .  I n  i n v e s t i g a t i o n s  o f  s i n g l e  p h a s e  f lo w s  m ethod  ( b )  i s  n o rm a l ,  how ever  
s t u d i e s  o f  tw o -p h a s e  c r i t i c a l  f lo w  h a v e  b e e n  made u s i n g  b o t h  m e th o d s ,  t o  o b t a i n  
a  ch o k ed  c o n d i t i o n ,  f o r  ex am p le  S i l v e r  and  M i t c h e l l  ( 3 )  u s e d  m ethod  ( a )  w h i le  
Z a lo u d e k  {^■) u s e d  m e th o d  ( b ) .
One o f  t h e  e a r l i e s t  s t u d i e s  o f  tw o -p h a s e  f l a s h i n g  f lo w  was c a r r i e d  o u t  by 
B o t to m le y  (5 )  i n  19 36. B o t to m le y  was c o n c e rn e d  w i t h  t h e  flow o f  w a t e r  n e a r  
b o i l i n g  c o n d i t i o n s  t h r o u g h  o r i f i c e s ,  an d  a s  p a r t  o f  h i s  r e s e a r c h  p e r fo rm e d  
e x p e r i m e n t s  o f  t h e  maximum r a t e  o f  f lo w  o f  w a t e r  f rom  a  s h o r t  n o z z l e  i n t o  a 
g l a s s  p i p e .  The w a t e r  was h e l d  n e a r  t o  b o i l i n g  a t  a t m o s p h e r i c  p r e s s u r e  and  
d i s c h a r g e d  i n t o  a  p a r t i a l  vacuum . T hese  e x p e r i m e n t s  showed t h a t  v a p o u r  b u b b le s  
d i d  n o t  form  u n t i l  a  p o ia L  some d i s t a n c e  do w n stream  from  t h e  n o z z l e  a l t h o u g h  
t h e  p r e s s u r e  a t  t h e  t h r o a t  was r e p o r t e d  a s  b e i n g  a p p r o x i m a t e l y  0 .6  b a r .
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b u b b le  f o r m a t i o n  b u t  i t  d o es  n o t  n e c e s s a r i l y  im p ly ,  a s  B o t to m le y  s u g g e s t e d ,  
t h a t  no  v a p o u r  fo rm ed  i n  t h e  n o z z l e .
B en jam in  an d  M i l l e r  (6 )  & (7 )  c o n t i n u e d  t h e  s t u d y  o f  d i s c h a r g e  o f  w a te r  
T h rough  o r i f i c e s  o b t a i n i n g  r e s u l t s  co m p a ra b le  t o  t h o s e  o f  B o t to m le y .  The 
a u t h o r s  a l s o  r e p o r t e d  t h a t  i f  v e r y  s m a l l  f r a c t i o n s  o f  s te a m  e n t e r e d  t h e  o r i f i c e  
w i t h  t h e  l i q u i d  t h e n  t h e  maximum f lo w  r a t e s  showed a  c o n s i d e r a b l e  d r o p .  S in c e  
from  e q n ,  ( 1 . 8 )  t h e  m ass f lo w  r a t e  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  q u a l i t y  o f  
t h e  f lo w  t h i s  o b s e r v a t i o n  i s  c o n s i s t e n t  w i t h  t h e r e  b e i n g  a  l a r g e  v o id a g e  i n  t h e  
f l o w i n g  m i x t u r e . F u r t h e r  t h i s  v o id a g e  i s  l a r g e r  t h a n  t h e  v o id a g e  u p s t r e a m  o f  
t h e  o r i f i c e  i m p ly in g  t h a t  i n  t h i s  c a s e  a t  l e a s t  some m ass t r a n s f e r  t o o k  p l a c e  
b e tw e en  p h a s e s .
S t u a r t  and  Y a r n a l l  ( 8 )  ex am in ed  t h e  f lo w  r a t e s  o f  w a t e r  t h r o u g h  two o r i f i c e s  
i n  s e r i e s  d i s c h a r g i n g  a t  a t m o s p h e r i c  c o n d i t i o n s .  Once a g a in  b u b b l e  f o r m a t i o n  
was o b s e r v e d  t o  b e  d e l a y e d  u n t i l  some d i s t a n c e  d o w n s tream  o f  t h e  o r i f i c e s ,  
t h e  d i s t a n c e  r e q u i r e d  f o r  n u c l é a t i o n  b e i n g  o b s e r v e d  t o  d e c r e a s e  w i t h  i n c r e a s e d  
w a t e r  t e m p e r a t u r e  ( i n d e e d  n o  n u c l é a t i o n  was o b s e r v e d  f o r  w a t e r  t e m p e r a t u r e s  
b e lo w  138 ^ C ) . S t u a r t  an d  Y a r n a l l  a l s o  made m ea su re m e n ts  o f  t h e  t e m p e r a t u r e  
o f  t h e  l i q u i d  j e t  e m e rg in g  from  t h e  s e c o n d  o r i f i c e .  T hese  t e m p e r a t u r e s  w ere  
fo u n d  t o  b e  c o n s i d e r a b l y  i n  e x c e s s  o f  t h e  s a t u r a t i o n  t e m p e r a t u r e  c o r r e s p o n d i n g  
t o  t h e  p r e s s u r e  a c t i n g  on t h e  l i q u i d  s u r f a c e .  In  one c a s e  t h i s  t e m p e r a t u r e  
d i f f e r e n c e  was 50 °C f o r  a  s a t u r a t i o n  t e m p e r a t u r e  o f  100 ^C.
S i m i l a r  o b s e r v a t i o n s  o f  h i g h  l i q u i d  j e t  t e m p e r a t u r e s  w ere  made b y  C ru v e r  (S) 
i n  t h e  c r i t i c a l  f l o w  o f  s t e a m - w a t e r  m i x t u r e s .  C ru v e r  made s i m u l t a n e o u s  measuremeni 
o f  t e m p e r a t u r e  and  p r e s s u r e  i n  su c h  f lo w s  an d  o b s e r v e d  b o t h  s u p e r h e a t i n g  o f  t h e  
l i q u i d  an d  s u b c o o l i n g  o f  t h e  v a p o u r .  I n  C r u v e r ’s  w o rk ,  h o w e v e r ,  some s u s p i c i o n  
a r i s e s  a s  t o  w h e th e r  h i s  m easu rem en ts  w ere  a lw a y s  made i n  t h e  p h a s e  s t a t e d ,  b u t  
i n  any  e v e n t  h i s  r e s u l t s  a r e  w o r th y  o f  com m ent.
The more, g e n e r a l  c a s e  o f  n o n - e q u i l i b r i u m  i n  tw o -p h a s e  f lo w s  o f  w a t e r  and
s te a m  h a s  b ee n  exam ined  by  C h r i s t e n s e n  and S o lb c r g  ( 1 0 ) ,  Thes u t h o ï 'S  c o iü u a r e d
e x p e r i m e n t a l  r e s u l t s  t o r  b o i l i n g  w a t e r  f lo w s  i n  an e x p e r i m e n t a l  n u c l e a r  s y s te m  
w i t h  a  t h e o r e t i c s ]  m o d e l  an d  showed, t h a t  t h e  m odel g av e  good a g re e m e n t  w i t h
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e x p e r im e n t  p r o v i d e d  t h e  m odel d i d  n o t  assum e th e rm o d y n a m ic  e q u i l i b r i u m  a t  
a l l  p o i n t s  i n  t h e  f l o w .
I n  t h e s e  s t u d i e s  (5 ) ,  ( 5 ) ,  ( 7 ) ,  (8 ' ) ,  ( 9 )  , (1 0 )  s t r o n g  e v i d e n c e  can  be  fo u n d  f o r  
t h e  e x i s t e n c e  o f  m e t a s t a b i l i t y  i n  tw o -p h a s e  f l a s h i n g  f l o w s .  T hese  s t u d i e s  show 
t h a t  v a p o u r  e v o l u t i o n  i n  s u c h  f l a s h i n g  f lo w s  c o u ld  b e  r e t a r d e d  due t o  a  d e l a y  
i n  b u b b le  f o r m a t i o n .  S t u d i e s  o f  b u b b le  f o r m a t i o n  i n  t h e  s t a t i c  l i q u i d  c a s e  (1 1 )  
show t h a t  b u b b le  g ro w th  i s  d e l a y e d  f o r  a  f i n i t e  t im e  a f t e r  t h e  l i q u i d  h a s  
become s u p e r h e a t e d .  I n  t h e  f l a s h i n g  f lo w  c a s e  t h i s  i m p l i e s  t h a t , p r o v i d e d  
n o  v a p o u r  b u b b l e s  a l r e a d y  e x i s t  i n  t h e  f l o w ,  v a p o u r  w i l l  n o t  e v o l v e  i n  t h e  
fo rm  o f  b u b b l e s  u n t i l  some d i s t a n c e  d o w n stream  o f  t h e  p o i n t  a t  w h ic h  t h e  l o c a l  
p r e s s u r e  d ro p s  b e low  t h e  s a t u r a t i o n  v a l u e  f o r  t h e  b u l k  l i q u i d  t e m p e r a t u r e .  
However t h i s  d o es  n o t  p r e c l u d e  t h e  e v o l u t i o n  o f  v a p o u r  a s  soon  a s  t h e  p r e s s u r e  
d ro p s  b e lo w  t h e  s a t u r a t i o n  v a l u e ,  b u t  v a p o u r  e v o l u t i o n  w i l l  o n l y  t a k e  p l a c e  
a t  t h e  f r e e  s u r f a c e ,  i f  a n y i  o f  t h e  f l o w i n g  l i q u i d .
I f ,  h o w e v e r ,  a  s m a l l  q u a n t i t y  o f  v a p o u r  i s  p r e s e n t  i n i t i a l l y ,  i t  w i l l  
p r o b a b ly ,  be  d i s p e r s e d  i n  t h e  fo rm  o f  s m a l l  b u b b l e s  and  b u b b le  g ro w th  w i l l  b e g in  
w i t h o u t  any d e l a y  f o r  n u c l é a t i o n /  S in c e  a  d i s p e r s e d  bubb.ly  m i x t u r e  h a s  a  much 
l a r g e r  a v e r a g e  s u r f a c e  a r e a  p e r  u n i t  mass t h a n  s a y  a  l i q u i d  j e t  t h e n  f o r  
s i m i l a r  f lo w  s i t u a t i o n s  t h e  q u a l i t y  o f  t h e  b u b b ly  m i x tu r e  w i l l  b e  g r e a t e r  a t  
a l l  p o i n t s  i n  t h e  f lo w  u n t i l  b o t h  f l o w s  r e a c h  e q u i l i b r i u m .  As t h e  f lo w  r a t e  
p e r  u n i t  a r e a  i s  a f f e c t e d  b y  t h e  q u a l i t y ,  t h e  p r e s e n c e  o f  a  v e r y  s m a l l  q u a n t i t y  
o f  v a p o u r  u p s t r e a m  o f  t h e  f lo w  p a s s a g e  w i l l  g r e a t l y  a f f e c t  t h e  f lo w  r a t e , g i v i n g  
a  v a r i a t i o n  s i m i l a r  t o  t h a t  o b s e r v e d  i n  ( 6 ) .
Among e a r l y  s t u d i e s  o f  t h e  m ore s p e c i f i c  p ro b le m  o f  f l a s h i n g  f lo w s  i n  
n o z z l e s  i s  t h e  work o f  S i l v e r  and  M i t c h e l l  ( 3 ) .
Ls i l v e r  and M i t c h e l l  s t u d i e d  t h e  d i s c h a r g e  o f  w a t e r  i n  s h o r t  t u b e s  (-^ < 12) 
w i t h  ro u n d e d  e n t r a n c e s ,  ( d i s c h a r g e  c o e f f i c i e n t  0 . 9 8 ) .  T hese  a u t h o r s  r e p o r t e d  
l i m i t i n g  f lo w  r a t e s  f o r  w a t e r  i n i t i a l l y  a t  a t e m p e r a t u r e  o f  a b o u t  140 
d i s c h a r g i n g  t o  a tm o s p h e re  t h r o u g h  a v e r t i c a l  n o z z l e .  They fo u n d  t h a t  t h i s  
maximum f lo w  r a t e  d e c r e a s e d  f o r  i n c r e a s i n g  n o z z l e  l e n g t h ,  f o r  c o n s t a n t  t h r o a t
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w ere f i x e d ,  f o r  s u b c o o le d  w a t e r  a t  t h e  n o z z l e  e n t r a n c e .  I f  d e c r e a s e d  f lo w  
r a t e  i m p l i e s  i n c r e a s e d  q u a l i t y  o f  t h e  f l o w i n g  m i x t u r e ,  t h e n  t h e s e  e x p e r i m e n t a l  
o b s e r v a t i o n s  a r e  c o n s i s t e n t  w i th  i n c r e a s e d  q u a l i t y  f o r  i n c r e a s i n g  n o z z l e  l e n g t h ,  
t h a t  i s  t h e  p h a s e s  a p p r o a c h  th e rm o d y n a m ic  e q u i l i b r i u m  a s  t h e  n o z z l e  l e n g t h  
i n c r e a s e s .
B a i l e y  (1 2 )  r e p o r t e d  s i m i l a r  e f f e c t s ,  and  by a s su m in g  t h a t  t h e  mean f lo w  
v e l o c i t i e s  o f  t h e  p h a s e s  w ere  e q u a l ,  c a l c u l a t e d  a  r a t e  o f  e v a p o r a t i o n  w h ich  
p r e d i c t e d  s u f f i c i e n t  q u a l i t y  t o  p ro d u c e  t h e  o b s e r v e d  f lo w  r a t e .
F u r t h e r  e x p e r i m e n t s  o f  t h i s  t y p e  w ere  p e r f o rm e d  by  Z a lo u d e k  ( 4 )  f o r  s h o r t  
n o z z l e s  w i t h  s q u a r e  e n t r a n c e s .  I n  t h i s  s t u d y  t h e  p r e s s u r e  d ro p  a c r o s s  t h e  
n o z z l e s  was v a r i e d  by  c h a n g in g  t h e  dow nstream  p r e s s u r e .  Z a lo u d ek  o b s e r v e d  
tw o ^ f lo w  l i m i t i n g  o r  c h o k in g  p r o c e s s e s ,  one a p p a r e n t l y  s i t u a t e d  u p s t r e a m  n e a r  
t h e  e n t r a n c e  and  t h e  o t h e r  s i t u a t e d  n e a r  t h e  n o z z l e  e x i t .  However u p s t r e a m  
c h o k in g  was o b s e r v e d  o n l y  i n  c a s e s  when t h e  p r e s s u r e  a t  t h e  v e n a  c o n t r a c t a  
was c l o s e  t o  t h e  s a t u r a t i o n  p r e s s u r e  w h i l e  dow nstream  c h o k in g  was o b s e r v e d  
f o r  l a r g e r  p r e s s u r e  d r o p s .  In  m ost  c a s e s  o f  i n t e r e s t  t h e  p r e s s u r e  d ro p s  a r e  
much l a r g e r  t h a n  t h o s e  r e q u i r e d  f o r  u p s t r e a m  c h o k in g  and  s o  t h i s  e v id e n c e  
w o u ld  s u g g e s t  t h a t  f o r  s u c h  c a s é s  t h e  c h o k in g  phenomenon i s  l o c a t e d  a t  t h e  
n o z z l e  e x i t .
Z a lo u d ek  a l s o  commented on t h e  e f f e c t s  o f  t h e  p r e s e n c e  o f  d i s s o l v e d  a i r  
i n  t h e  w a t e r  u s e d  i n  h i s  e x p e r i m e n t s  on t h e  o b s e r v e d  f lo w  r a t e s .  By h e a t i n g  
w a t e r  i n  an open t a n k  t o  90 °C he c l a im e d  t h a t  he  c o u l d  r e d u c e  t h e  c o n t e n t  o f  
d i s s o l v e d  a i r j t o  g iv e  an i n c r e a s e  o f  5% t o  8% i n  t h e  r e s u l t a n t  f lo w  r a t e s .
T h is  s t u d y  a l s o  i n c l u d e d  v i s u a l  o b s e r v a t i o n s  o f  t h e  f lo w  p a t t e r n ,  show ing  
t h a t  t h e  f lo w  c o u ld  be  c o n s i d e r e d  a s  a  c e n t r a l  c o r e  o f  l i q u i d  s u r r o u n d e d  by  an 
a n n u lu s  o f  v a p o u r .  S i m i l a r  f lo w  p a t t e r n s  have  a l s o  b e e n  o b s e r v e d  i n  t h e  s t u d i e s  
o f  c r i t i c a l  f lo w  by  F auske  (1 3 )  f o r  w a t e r ,  Min, F au sk e  a n d  P a t r i c k  (1 4 )  f o r  
F reo n  11 and  H esson  an d  Peck (1 5 )  f o r  c a rb o n  d i o x i d e .  T h i s  a n n u l a r  f lo w  
p a t t e r n  w ould  seem t o  be  c h a r a c t e r i s t i c  f o r  c r i t i c a l  f lo w s  ^ f  i n i t i a l l y  
s u b c o o le d  l i q u i d  i n  s h o r t  n o z z l e s .
F auske  (1 4 )  c a r r i e d  o u t  e x p e r i m e n t s  on t h e  blowdown o f  a l a r g e  p r e s s u r e
-11-
v e s s e l  f o r  n o z z l e s  w i t h  s q u a r e  e n t r a n c e s  and  r a t i o s  o f  l e n g t h  t o  t h r o a t  
d i a m e t e r  o f  l e s s  t h a n  4-0. (■“  *=■ 40). .
When c o n s i d e r i n g  t h e  v a r i a t i o n  o f  b o t h  c r i t i c a l  f lo w  r a t e s  and  o f  t h e  
r a t i o  o f  t h e  u p s t r e a m  s t a g n a t i o n  p r e s s u r e  t o  t h e  c r i t i c a l  p r e s s u r e  o v e r  a 
r a n g e  o f  l e n g t h  t o  d i a m e t e r  r a t i o s ,  F au sk e  n o t e d  a  d i f f e r e n c e  i n  f lo w  c h a r a c ­
t e r i s t i c s  i n  n o z z l e s  w i t h  6 12 when com pared  w i th  f lo w s  i n  n o z z l e s  h a v i n g  
12 < ^  < 40 .  He s u g g e s t e d  t h a t  t h i s  m ig h t  b e  due t o  a  s u d d e n  b u b b le  g ro w th  
a t  a  s t a g e  e q u i v a l e n t  t o  a  l e n g t h  d i a m e t e r  r a t i o  o f  a b o u t  12 b u t  p r e s e n t e d  no 
e v i d e n c e  t c  s u p p o r t  t h i s  h y p o t h e s i s .
C om parison  o f  t h e  f lo w  r a t e s  o b t a i n e d  i n  r e f e r e n c e  ( 3 )  w i t h  t h o s e  o f ,  s a y ,  
r e f e r e n c e  ( 4 )  i n d i c a t e s  a  v a r i a t i o n  o f  c r i t i c a l  f lo w  r a t e  w i t h  e n t r a n c e  p r o f i l e .  
T liis  v a r i a t i o n  was more f u l l y  ex a m in e d  an d  c o n f i r m e d  by  F au sk e  and  Min (1 4 )  
u s i n g  F reo n  11 a s  w o rk in g  f l u i d .
H enry (1 5 )  made an  i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  e x i t  sh a p e  on c r i t i c a l  
f lo w  r a t e s  f o r  s t e a m - w a t e r  m i x tu r e s  an d  r e p o r t e d  no  o b s e r v a b l e  v a r i a t i o n .
H enry  a l s o  i n v e s t i g a t e d  t h e  p r e s s u r e  d i s t r i b u t i o n  i n  t h e  n o z z l e  a t  c r i t i c a l  
f lo w  b y  u s i n g  an  a x i a l  p r e s s u r e  p r o b e ,  an d  d e t e c t e d  a  r a d i a l  p r e s s u r e  g r a d i e n t  
a t  t h e  e x i t .  H is  o b s e r v a t i o n s  w ere  g e n e r a l l y  c o n f i r m e d  b y  t h o s e  o f  K l i n g e b i e l  (1 7 )
f o r  s t e a m - w a t e r  an d  by Edmonds an d  S m ith  (1 8 )  f o r  R e f r i g e r a n t  1 1 ,  t h e  l a t t e r
s t u d y  i n c l u d i n g  some e v i d e n c e  f o r  m e t a s t a b i l i t y  i n  t h e  f l o w ,  o b t a i n e d  from  
t e m p e r a t u r e  m e a s u re m e n ts .
A num ber o f  a t t e m p t s  h av e  b e e n  made t o  d e t e r m in e  v a l u e s  o f  t h e  s l i p  r a t i o  
e x p e r i m e n t a l l y .  K l i n g e b i e l  (1 7 )  d e t e r m in e d  t h e  a v e r a g e  v e l o c i t i e s  o f  t h e  p h a s e s  
i n  a  s t e a m - w a t e r  c r i t i c a l  f lo w  b y  m e a s u r in g  t h e  t h r u s t  o f  t h e  e x p a n d in g  f r e e  j e t
on an im p u ls e  p l a t e ,  o b t a i n i n g  v a l u e s  o f  a b o u t  3 f o r  t h e  s l i p  r a t i o .
M easu rem en ts  t a k e n  i n  t h e  f r e e  j e t ,  h o w e v e r ,  may be  s u s p e c t  when u s e d  t o  
d e s c r i b e  t h e  s l i p  r a t i o  i n  an  e n c l o s e d  n o z z l e ,  s i n c e  an y  e x p a n s io n  o f  t h e  v a p o u r  
i n  t h e  f r e e  j e t  w ould  g i v e  s p u r i o u s  low v a l u e s .
F auske  (1 9 )  o b t a i n e d  v a l u e s  f o r  t h e  s l i p  r a t i o  i n  t h e  c r i t i c a l  f lo w  o f  
a i r - w a t e r  m i x t u r e s .  F o r  q u a l i t i e s  i n  t h e  r a n g e  0 .0 0 1  t o  0 . 1  he fo u n d  s l i p  r a t i o s
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However t h e  f lo w  p a t t e r n  r e p o r t e d  f o r  t h e s e  r e s u l t s  c o n s i s t e d  o f  a i r  
b u b b l e s  w i d e l y  d i s p e r s e d  i n  t h e  w a t e r  i n s t e a d  o f  t h e  s e p a r a t e d  p h a s e  f lo w  
p a t t e r n s  r e p o r t e d  i n  r e f e r e n c e s  (4 )  (1 3 )  (1 4 )  ( 1 5 ) .  In  a  b u b b ly  f lo w  s y s te m  
o f  t h i s  t y p e  t h e  v a p o u r  l i q u i d  i n t e r f a c e  i s  v e r y  l a r g e  s o  t h a t  t h e  s h e a r  
s t r e s s  due t o  d i f f e r e n t  p h a s e  v e l o c i t i e s  a c t s  o v e r  a  l a r g e  a r e a .  T h e r e f o r e  
t h e  v e l o c i t y  o f  t h e  v a p o u r  p h a s e  w i l l  b e  l o w e r  t h a n  i n  t h e  e q u i v a l e n t  
s e p a r a t e d  f lo w  s y s te m  w i t h  t h e  same q u a l i t y ,  g i v i n g  a  l o w e r  v a l u e  o f  t h e  
s l i p  r a t i o .
M easu rem en ts  o f  t h e  s l i p  r a t i o  i n  v e r t i c a l  f lo w s  o f  s t e a m - w a t e r  m i x tu r e  
b y  C i m o r e l l i  an d  E v a n g e l i s t i  ( 2 0 ) ,  g iv e  v a l u e s  o f  t h e  s l i p  r a t i o  i n  t h e  r a n g e  
5 t o  6 f o r  q u a l i t i e s  f ro m  0 .0 0 5  t o  0 .0 0 1  f o r  a  b u b b ly  f lo w  p a t t e r n .  T im s , 
b e c a u s e  o f  t h e  p o s s i b l e  e r r o r s  i n  t h e  e x p e r i m e n t a l  v a l u e s  n o t e d  a b o v e ,  t h e  
s l i p  r a t i o  can  be r e g a r d e d  a s  h a v i n g  a  v a l u e  n o t  l e s s  t h a n  3 f o r  t h e  low 
p r e s s u r e  f lo w s  d i s c u s s e d  i n  t h i s  t h e s i s .
In  t h i s  s e c t i o n  e x p e r i m e n t a l  e v id e n c e  h a s  b e e n  p r e s e n t e d  w h ich  s u g g e s t s ;  
t h a t  a  num ber o f  n o t e w o r th y  e f f e c t s  a r e  p r e s e n t  i n  c r i t i c a l  f lo w  phenom ena . 
These e f f e c t s  can  b e  su m m arised .
(1 )  A l a c k  o f  e q u i l i b r a t i o n  i s  f o u n d  i n  c r i t i c a l  f l a s h i n g  f lo w s  i n  
s h o r t  n o z z l e s .  T h is  i s  c o u p le d  w i t h  o b s e r v a t i o n s  o f  v a p o u r  e v o l u t i o n  t a k i n g  
p l a c e  o n ly  a t  t h e  s u r f a c e  o f  t h e  l i q u i d  p h a s e  and  n o t  by  b u b b le  g ro w th .
(2 )  Hie s l i p  r a t i o  d e p a r t s  f ro m  t h e  v a l u e  o f  u n i t y  an d  h a s  v a l u e s  
p r o b a b l y  l e s s  t h a n  10 .
(3 )  C r i t i c a l  f l a s h i n g  f lo w  r a t e s  a r e  a f f e c t e d  b y  t h e  s h a p e  o f  t h e  n o z z l e  
e n t r a n c e  b u t  n o t  the n o z z l e  e x i t  s h a p e .
(4 )  C r i t i c a l  f lo w  r a t e s  v a r y  w i t h  t h e  r a t i o  o f  o v e r a l l  l e n g t h  t o  t h r o a t  
d i a m e t e r  f o r  t h e  n o z z l e s  c o n s i d e r e d .
In  t h e  n e x t  s e c t i o n  v a r i o u s  t h e o r e t i c a l  m odels ,  i n t e n d e d  t o  d e s c r i b e  t h e s e  
f lo w  s i t u a t i o n s ,  w i l l  b e  d i s c u s s e d  i n  t h e  l i g h t  o f  t h i s  e x p e r i m e n t a l  e v i d e n c e .
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1 .4  Thec r e t i c a l  Models o f  Two-Phase F l a s h i n g F l ow.
T h is  s e c t i o n  i s  c o n c e rn e d  w i t h  v a r i o u s  t h e o r e t i c a l  m o d e ls  o f  tw o -p h a s e  
c r i t i c a l  f lo w s  an d  t h e i r  r e l a t i o n  t o  t h e  e x p e r i m e n t a l  e v i d e n c e  p r e s e n t e d  i n  
s e c t i o n  1 . 3 .  A l th o u g h  t h i s  t h e s i s  l a y s  s p e c i a l  e m p h a s is  on f l a s h i n g  f lo w s  
w here  t h e  f l u i d  u p s t r e a m  o f  t h e  n o z z l e  c o n s i s t s  s o l e l y  o f  t h e  l i q u i d  p h a s e  
c e r t a i n  o f  t h e  m o d e ls  r e v ie w e d  h e r e  a r e  a p p l i c a b l e  t o  o t h e r  tw o -p h a s e  c r i t i c a l  
f lo w  s i t u a t i o n s .
A l l  t h e  m o d e ls  p r e s e n t e d  h e r e  make some a s s u m p t io n s  t o  p r e d i c t ,  q u a l i t y  
a t  p o i n t s  i n  t h e  f l o w , s l i p  r a t i o ,  f lo w  p a t t e r n  an d  i n c l u d e  a  c h o k in g  m echan ism .
Tlie s i m p l e s t  m o d e ls  assum e t h a t  t h e  p h a s e s  a r e  i n  th e rm o d y n am ic  e q u i l i b r i u m  
a t  a l l  p o i n t s  i n  t h e  f lo w  an d  t h a t  t h e  s l i p  r a t i o  i s  u n i t y .  W ith t h e s e  a s s u m p t io n s  
t h e  p ro b le m  o f  d e f i n i n g  f lo w  p a t t e r n  may be  i g n o r e d  s i n c e  no  s h e a r  s t r e s s  a c t s  
on t h e  s u r f a c e  b e tw e e n  p h a s e s  an d  t h e  r a t e  o f  m ass t r a n s f e r  b e tw e e n  p h a s e s  i s  
assum ed  t o  be i n d e p e n d e n t  o f  s u r f a c e  a r e a .  I n  t h e s e  m o d e ls  t h e  v a p o u r  p h a s e  i s  
r e g a r d e d  as  b e i n g  u n i f o r m l y  d i s p e r s e d  t h r o u g h o u t  t h e  m i x tu r e  and  c o n s e q u e n t l y  
t h e s e  a r e  known a s  hom ogeneous e q u i l i b r i u m  f lo w  m o d e ls .
I n  t h e  c a s e  o f  a  hom ogeneous m i x tu r e  t h e  s p e c i f i c  volum e o f  t h e  m ix tu r e  may 
b e  w r i t t e n  i n  t e rm s  o f  t h e  q u a l i t y  a s
V = ( 1  -  x)V^ + X V  ( 1 . 1 5 )
f  g
and  t h e  mean e n t r o p y  a s  S = (1  -  x )S ^  i  x , , . . , ( 1 . 1 6 ) .
F o r  t h e  hom ogeneous e q u i l i b r i u m  m odel t h e  c r i t i c a l  f lo w  r a t e  i s  f o u n d  by  
a n a lo g y  w i t h  t h e  s i n g l e  p h a s e  c a s e .  In  t h e  s i n g l e  p h a s e  c a s e  c r i t i c a l  f lo w  
t a k e s  p l a c e  i n  n o z z l e s  when t h e  v e l o c i t y  o f  t h e  f l u i d  i n  t h e  t h r o a t  o f  t h e  n o z z l e  
i s  e q u a l  t o  t h e  s o n i c  v e l o c i t y .  The c r i t i c a l  f lo w  r a t e  i s  t h e n  g i v e n  by
C  ,  ..........8 = 0
b y  a n a lo g y  a s i m i l a r  e x p r e s s i o n  can  be  d e r i v e d  f o r  t h e  hom ogeneous m i x tu r e  
a s su m in g  a d i a b a t i c  f l o w .  S u b s t i t u t i n g  f o r  t h e  s p e c i f i c  volum e i n  ( 1 . 1 7 )  fro m  
( 1 . 1 5 )  t h e  hom ogeneous e q u i l i b r i u m  c r i t i c a l  f lo w  r a t e  5=^  fo u n d  a s ,
9 1 "1
° c  = {  - - 3 ^  f o  -  x ) v  t  X v j }   ( i . i s t )He ui. - X g-^
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Tlie p r e d i c t i o n s  o f  e q u a t i o n  ( 1 . 1 8 )  h av e  b e e n  shown t o  c o n s i d e r a b l y  
u n d e r e s t i m a t e  t h e  c o m p a ra b le  e x p e r i m e n t a l  f lo w  r a t e s  b y  s e v e r a l  a u t h o r s  
e . g .  ( 2 1 ) , ( 2 2 ) , ( 2 3 ) .
An o b v io u s  a l t e r n a t i v e  t o  t h e  a s s u m p t io n  o f  c o m p le te  e q u i l i b r a t i o n  i s  t o  
assum e t h a t  no  mass t r a n s f e r  t a k e s  p l a c e  b e tw e en  p h a s e s , T h is  g i v e s  t h e  
f r o z e n  f lo w  m o d e l .  C h ish o lm  (2 4 )  showed t h a t  t h i s  m odel w o u ld  p r e d i c t  t h e  
c r i t i c a l  f lo w  r a t e s  o f  a i r - w a t e r  m i x tu r e s  p r o v i d e d  t h e  s l i p  r a t i o  was assum ed  
t o  h av e  t h e  fo rm  o f  e q u a t i o n  ( 1 . 1 4 ) .  A l th o u g h  F auske  (1 9 )  a t t e m p t e d  t o  u se  a 
f r o z e n  f lo w  m odel t o  p r e d i c t  t h e  c r i t i c a l  f lo w  o f  s t e a m - w a t e r  m i x tu r e s  h i s  
.model assum ed  th e rm o d y n a m ic  e q u i l i b r i u m  b e tw e e n  p h a s e s  u n t i l  t h e  e x i t  p l a n e  
when h e  im p o sed  t h e  " f r o z e n "  c o n d i t i o n .  F auske  t h u s  c o m p e n sa te d  f o r  an assum ed 
o v e r e s t i m a t i o n  o f  q u a l i t y  b y  i n t r o d u c i n g  a g r o s s  u n d e r e s t i m a t i o n  o f  r a t e  o f  
p h a s e  change  a t  one p o i n t .
B oth  hom ogeneous an d  f r o z e n  f lo w  m odels  can  show no  v a r i a t i o n  o f  f lo w  
r a t e  w i t h  n o z z l e  l e n g t h .
V a r io u s  t e c h n i q u e s  t a ve b e e n  u s e d  t o  im prove  t h e  hom ogeneous e q u i l i b r i u m  
m o d e l .  These  im p ro v em en ts  can  be r e g a r d e d  a s  f a l l i n g  i n t o  two g r o u p s ;
F i r s t l y ,  m ode ls  w h ich  assum e some v a l u e  o f  t h e  q u a l i t y  l e s s  t h a n  t h e  
e q u i l i b r i u m  v a l u e ,  u s u a l l y  by  p e r f o r m i n g  c a l c u l a t i o n s  o f  m ass t r a n s f e r  r a t e s  
b e tw e e n  p h a s e s .  Such m odels  r e q u i r e  e s t i m a t i o n  o f  t h e  a r e a  o f  s u r f a c e  e x p o s e d  
b e tw e e n  p h a s e s  an d  f r e q u e n t l y  assum e a  v a l u e  o f  u n i t y  f o r  t h e  s l i p  r a t i o .
S e c o n d ly ,  m ode ls  w h ich  assum e th e rm o d y n a m ic  e q u i l i b r i u r n  b e tw e e n  p h a s e s  
b u t  t a k e  t h e  s l i p  r a t i o  a s  b e i n g  g r e a t e r  t h a n  u n i t y .  In  t h i s  c a s e  t h e  v a l u e s  
o f  t h e  s l i p  r a t i o  w i l l  c e r t a i n l y  be  g r e a t e r  t h a n  t h e  e x p e r i m e n t a l  v a l u e s  fo u n d  
i n  r e f e r e n c e s  ( 1 7 ) ,  ( 1 9 ) ,  ( 2 0 ) ,  i n  o r d e r  t o  co m p en sa te  f o r  an  o v e r e s t i m a t i o n  
o f  t h e  f lo w  q u a l i t y .  Models o f  t h i s  t y p e  w i l l  n o t  show any  v a r i a t i o n  o f  
c r i t i c a l  f lo w  r a t e  w i t h  n o z z l e  l e n g t h .
Among m odels  i n  t h e  f i r s t  c a t e g o r y  i s  t h a t  p r o p o s e d  b y  S i l v e r  ( 2 ) .  S i l v e r  
assum ed  a  f l o w  p a t t e r n  o f  l i q u i d  c o re  an d  v a p o u r  a s s u m p t io n  c o n s i s t e n t  w i th  
t h e  o b s e r v a t i o n s  o f  r e f e r e n c e s  ( 1 3 ) ,  ( 1 4 ) ,  ( 1 5 ) ,  ( 1 6 ) .  The r a t e  o f  mass t r a n s f e r  
b e tw e en  nb a s  e s  wag c a l c u l - t e d  fro î^  tWr, r ia to  r»-P Ucin-i- -î-o +-ne. 1 4 r... i a
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s u r f a c e  i n  t h e  l i q u i d  p h a s e .  I n  t h e  c a l c u l a t i o n  t h e  n o z z l e  was assum ed  t o  
h av e  a d i s c h a r g e  c o e f f i c i e n t  o f  u n i t y .  S i l v e r  u se d  t h e  c h o k in g  c r i t e r i a  o f  
e q u a t i o n  ( 1 . 1 7 )  a n d ,  a s s u m in g  u n i t  s l i p  r a t i o  d e f i n e d  t h e  s p e c i f i c  vo lum e f o r  
e q u a t i o n  ( 1 . 1 7 )  on t h e  b a s i s  o f  a  hom ogeneous m i x t u r e ,  i . e .  e q u a t i o n  ( 1 . 1 5 )  
f o r  h i s  c a l c u l a t e d  q u a l i t y .  The i n c o n s i s t e n c y  o f  u s i n g  a c h o k in g  m echanism  
a p p l i e d  t o  a  homogeneous m i x tu r e  i n  a m odel a s su m in g  s e p a r a t e d  f lo w  was r e a l i s e d  
by S i l v e r  h i m s e l f  ( 2 5 ) .  However S i l v e r ’s m odel d i d  show v e r y  good a g re e m e n t  
w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  o f  S i l v e r  and  M i t c h e l l  ( 3 ) ,  f o r  a  n o z z l e  w i t h  
d i s c h a r g e  c o e f f i c i e n t  0 . 9 8 .  The m ode l  a l s o  p r e d i c t e d  t h e  v a r i a t i o n  o f  
c r i t i c a l  f lo w  r a t e  w i t h  n o z z l e  l e n g t h  f o r  a  f i x e d  t h r o a t  d i a m e t e r .
A s i m i l a r  m odel was d e r i v e d  b y  B a i l e y  (1 2 )  a l s o  a s s u m in g  u n i t  s l i p  r a t i o .  
B a i l e y  c a l c u l a t e d  e m p i r i c a l  e v a p o r a t i o n  r a t e s  f ro m  e x p e r i m e n t a l  r e s u l t s  an d  
assum ed  a  f lo w  p a t t e r n  i d e n t i c a l  t o  t h a t  o f  S i l v e r  ( 2 ) .  C hoking  i n  t h i s  m o d e l  
t a k e s  p l a c e  when t h e  a n n u lu s  s u r r o u n d i n g  t h e  l i q u i d  c o r e  i s  e n t i r e l y  f i l l e d  
w i t h  v a p o u r .  B a i l e y  was a b l e  t o  show a g re e m e n t  w i th  d a t a  d i s c h a r g e s  o f  w a t e r  
f ro m  98 and  a t m o s p h e r i c  p r e s s u r e  t o  s u b - a t m o s p h e r i c  c o n d i t i o n s .  B a i l e y ’s  
m odel p r e d i c t s  a d e c r e a s e  o f  c r i t i c a l  f lo w  r a t e  w i t h  i n c r e a s i n g  l e n g t h  t o  
d i a m e t e r  r a t i o .
More r e c e n t l y  H enry and  F au sk e  (2 6) h av e  p r o d u c e d  a  n o n - e q u i l i b r i u m  m odel 
f o r  c r i t i c a l  f l a s h i n g  f lo w s  i n  n o z z l e s .  The m odel i s  i n t e n d e d  f o r  u s e  a t  h ig h  
p r e s s u r e  and  u n i t  s l i p  r a t i o  i s  a s su m ed .  N o n - e q u i l i b r i u m  c o n d i t i o n s  a r e  
a d m i t t e d  by  i n t r o d u c i n g  a  s e m i - e m p i r i c a l  p a r a m e t e r  N d e f i n e d  as
N = Xg 0 .1 4  ■..................................... .( 1 . 1 9 )
N = 1 Xg ÿ 0 .1 4  ............ ( 1 . 2 0 )
The p a r a m e t e r  N i s  u s e d  t o  c o m p en sa te  f o r  t h e  d e p a r t u r e  o f  v a l u e s  o f  
t h e  q u a l i t y  from  e q u i l i b r i u m  v a l u e s .  C r i t i c a l  f lo w  v a l u e s  a r e  c a l c u l a t e d  
from  e q u i l i b r i u m  v a l u e s  o f  common p a r a m e t e r s  by an i t e r a t i v e  t e c h n i q u e .
The a u t h o r s  fo u n d  good a g re e m e n t  f o r  n o z z l e  f lo w s  i n c l u d i n g  t h e  g e n e r a l  ‘ 
c a s e  w i t h  i n i t i a l l y  s u b c o o l e d  f l u i d s  b u t  r e c o g n i s e d  t h a t  t h e i m o d e l  m ig h t  be  
u n s u i t a b l e  f o r  c a l c u l a t i n g  c r i t i c a l  f lo w s  i n  s h o r t  n o z z l e s  w h e re  t h e  u n u s u a l
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s e p a r a t e d  f lo w  p a t t e r n  i s  fo u n d .  ,
■ Simpson and  S i l v e r  (2 7 )  p r o p o s e d  a m odel o f  f l a s h i n g  f lo w  i n  w hich  v a p o u r  
e v o l v e s  i n  w i d e l y  d i s p e r s e d  b u b b l e s .  The a u t h o r s  assum ed  u n i t  s l i p  r a t i o .  The 
e q u a t i o n s  f o r  f l a s h i n g  f lo w  i n  t h i s  m odel i n c l u d e  two c o n s t a n t s  w hich  a r e  n o t  
d e f i n e d  a n a l y t i c a l l y .  These c o n s t a n t s  r e l a t e  t o  t h e  num ber o f  n u c l é a t i o n  s i t e s  
(A) an d  t h e  a c t i v a t i o n  e n e r g y  r e q u i r e d  f o r  n u c l é a t i o n  ( B ) . By c h o o s in g  
s u i t a b l e  d i m e n s i o n l e s s  g ro u p s  f o r  c o m p a r i so n  o r  by  s e l e c t i n g  s u i t a b l p  v a l u e s  
f o r  t h e i r  c o n s t a n t s  t h e  a u t h o r s  showed - t h a t  t h e i r  e q u a t i o n s  f o r  mass f lo w  r a t e s  
c o u l d  b e  made t o  show good a g re e m e n t  w i t h  t h e  d a t a  o f  r e f e r e n c e  ( 3 ) .  The 
t h e o r y  a l s o  p r e d i c t s  a  l i m i t i n g  mass f lo w  r a t e  w h ich  d e c r e a s e s  w i t h  i n c r e a s i n g  
l e n g t h  o f  f lo w  p a s s a g e .
T h is  t h e o r y  i s  a t t r a c t i v e  b u t  t h e  a u t h o r s  p ro d u c e  no e v i d e n c e  f o r  t h e i r  
a s s u m p t io n  o f  v a p o u r  e v o l u t i o n  i n  b u b b l e s  f o r  f lo w s  o f  t h e  t y p e  o b s e r v e d  i n  (3 )  
an d  i n  v iew  o f  t h e  e v i d e n c e  f o r  d e l a y e d  n u c l é a t i o n  and  f lo w  p a t t e r n  p r e s e n t e d  
i n  s e c t i o n  1 . 3  o f  t h i s  w o rk ,  t h i s  m odel o f  S im pson an d  S i l v e r  c a n n o t  be  r e g a r d e d  
a s  e n t i r e l y  s a t i s f a c t o r y .  H ow ever, t h e  a u t h o r s  n o t e d  t h a t  t h e  v a lu e  f o r  t h e  
d e n s i t y  o f  n u c l é a t i o n  s i t e s  r e q u i r e d  t o  f i t  t h e i r  e q u a t i o n s  t o  t h e  e x p e r i m e n t a l  
d a t a  was t o o  lo w ,  an o b s e r v a t i o n  c o n s i s t e n t  w i t h  t h e  r e a l  f lo w  h a v i n g  l e s s  
s u r f a c e  a r e a  t h a n  w o u ld  be  t h e  c a s e  fo r  t r u e  b u b b ly  f lo w  an d  s u g g e s t i n g  t h a t  t h e  
c o r r e c t  f lo w  p a t t e r n  w o u ld  be  t h e  e x p e c t e d  p a t t e r n  o f  s e p a r a t e d  f l o w .
A l th o u g h  (2 7 )  i s  n o t  s a t i s f a c t o r y  i n  t h e  c a s e  o f  i n i t i a l l y  s u b c o o l e d  
f l o w s , i t  w i l l  a p p ly  t o  t h e  c a s e  o f  a  f lo w  w i th  i n i t i a l l y  a  v e r y  s m a l l  amount 
o f  d i s p e r s e d  v a p o u r  a s  i n  ( 6 ) .
The s e c o n d  t y p e  o f  m odel assum es  th erm o d y n am ic  e q u i l i b r i u m  b e tw e e n  p h a s e s  
a t  a l l  p o i n t s ,  b u t  u s e s  some v a l u e  o f  t h e  s l i p  r a t i o  g r e a t e r  t h a n  u n i t y  t o  
maJ'ce t h e  t h e o r e t i c a l  p r e d i c t i o n s  confo rm  w i th  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s ,
A m odel o f  t h i s  ty p e  due t o  Moody (2 8 )  assum es  an a n n u l a r  f lo w  p a t t e r n ,  
w i t h  t h e  l i q u i d  p h a s e  f l o w i n g  on t h e  n o z z l e  w a l l ,  and  Therm odynam ic e q u i l i b r i u m  
b e tw e e n  p h a s e s .  Moody o b t a i n e d  e x p r e s s i o n s  f o r  t h e  mass f lo w  r a t e  i n  te rm s  o f  
t h e  s l i p  r a t i o  and  t h e  s t a g n a t i o n  p r o p e r t i e s  o f  t h e  f l u i d .  The c h o k in g  c r i t e r i o i  
i s  t h a t  b o t h ,
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an d  (-q^) -  0
K
. r . , (1.21)
h o l d  a t  t h e  c h o k in g  c o n d i t i o n .  Moody o b t a i n e d  a v a l u e  o f  t h e  s l i p  r a t i o  
a t  maximum f lo w  r a t e  as
1
\  " (v^V . . . .  . ( 1 . 2 2 )  .
f
A s i m i l a r  v a l u e  o f  s l i p  r a t i o  h a d  b e e n  o b t a i n e d  by Z i v i  (2 9 )  by  m i n im i s i n g  
th e  k i n e t i c  e n e r g y  f lo w  r a t e  a t  t h e  ch oked  c o n d i t i o n .
T h is  m odel (2 8) o v e r p r e d i c t s  i n  t h e  ra n g e  o f  q u a l i t y  0 . 0 1  t o  0 .5  an d  
c a n n o t  p r e d i c t  t h e  e f f e c t s  o f  i n c r e a s e d  n o z z l e  l e n g t h  o r  o f  n o z z l e  e n t r a n c e  
s h a p e .
An a l t e r n a t i v e  d e r i v a t i o n  o f  t h e  s l i p  r a t i o  a p p e a r s  i n  a  c r i t i c a l  f lo w  
m odel by Fauske  (3 0 )  a g a in  assum es th e rm o d y n am ic  e q u i l i b r i u m  b e tw e e n  p h a s e s  
b u t  u s e s  a s  t h e  c r i t e r i o n  f o r  c h o k in g
“ 1= 0  ( 1 . 2 3 ) .dP j
By a s su m in g  a  momentum b a l a n c e  c o n d i t i o n  w i t h  t h e  a d d i t i o n a l  a s s u m p t io n  
t h a t  t h e  k i n e t i c  e n e r g y  d i s s i p a t i o n  i s  t h e  same i n  e a c h  p h a s e ,  F au sk e  o b t a i n e d  
a  v a lu e  f o r  t h e  s l i p  r a t i o  o f
K =  ( 1 . 2 4 ) .
f
The two v a l u e s  o f  s l i p  r a t i o  g i v e n  i n  ( 1 . 1 8 )  an d  ( 1 . 2 0 )  w i l l  have  s i m i l a r  
v a l u e s  a t  h i g h  p r e s s u r e s  f o r  s t e a m - w a t e r  b u t  a t  l o w e r  p r e s s u r e  t h e  v a l u e s  
p r e d i c t e d  v a r y  w i d e l y  f o r  m ost f l u i d s  ( e . g .  ac  a t m o s p h e r i c  c o n d i t i o n s  f o r  
s t e a m - w a t e r  m i x t u r e s  ( 1 . 2 2 )  p r e d i c t s  K = 11 and  ( 1 . 2 4 )  K = 4 0 ) .
S in c e  t h e  e x p e r i m e n t a l  d a t a  o f  r e f e r e n c e s  ( 1 7 ) ,  ( 1 9 ) ,  (2 0 )  s u g g e s t  
v a l u e s  o f  l e s s  t h a n  6 f o r  t h e  s l i p  r a t i o  u n d e r  a t m o s p h e r i c  c o n d i t i o n s .  F o r  
s t e a m - w a t e r  an d  a i r - w a t e r  m i x t u r e s ,  t h e  form  o f  s l i p  r a t i o  g l v ^ n  i n  ( 1 , 2 2 )  
i s  p r o b a b l y  t o  be p r e f e r r e d .  H ow ever, Moody (2 8 )  n o t e d  t h a t  t h e  v a r i a t i o n
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i n  t h e  p r e d i c t i o n s  from  h i s  m o d e l ,  i n t r o d u c e d  b y  u s i n g  t h e  v a l u e  o f  t h e  
s l i p  r a t i o  from  F au sk e  | e q n  ( 1 , 2 4 ) ]  w ere  q u i t e  s m a l l ,  p r o v i d e d  t h e  c h o k in g  
c r i t e r i o n  o f  eqn  ( 1 . 2 0 )  was u s e d .
The u se  o f  t h e  c h o k in g  c r i t e r i o n  o f  eqn  ( 1 . 2 l )  f o r  tw o -p h a s e  f lo w s  was 
o r i g i n a l l y  p r o p o s e d  b y  c o n s i d e r i n g  t h e  a n a lo g y  w i th  c h o k in g  o f  s i n g l e  p h a s e  
f l o w s .  I n  s i n g l e  p h a s e  c r i t i c a l  f l o w s ,  c h o k in g  i s  h e l d  t o  ta]<e p l a c e  when 
t h e  f lo w  v e l o c i t i e s  a t  t h e  t h r o a t  o f  t h e  n o z z le  r e a c h  t h e  s o n i c  v e l o c i t y  o f  xhe 
f l u i d .  The e x t e n s i o n  o f  t h i s  i d e a  t o  tw o -p h a s e  f lo w s  h a s  b e e n  n o t e d  p r e v i o u s l y  
b u t  c l e a r l y  t h i s  m echan ism  does  n o t  a p p l y  i n  t h e  c a s e  o f  s e p a r a t e d  f l o w s .  Some 
a u t h o r s ,  h o w e v e r ,  h av e  s u g g e s t e d  t h a t  c h o k in g  t a k e s  p l a c e  i n  s e p a r a t e d  f l o w s ,  
when t h e  v e l o c i t y  o f  t h e  v a p o u r  p h a s e  r e a c h e s  t h e  s o n i c  v e l o c i t y  o f  t h e  v a p o u r  
f o r  t h e  r e l e v a n t  l o c a l  c o n d i t i o n s . One exam ple  o f  t h e  u se  o f  t h i s  c h o k in g  
m echanism  i s  fo u n d  i n  t h e  m odel o f  S t u a r t  and  Murphy ( 3 1 ) .
T h is  c o n c e p t  o f  v a p o u r  c h o k in g  h a s  b e e n  r e j e c t e d  by  F au sk e  (3 0 )  an d  
Z a lo u d e k  ( 3 2 ) ,  B o th  a u t h o r s  h a v e  com pared  e x p e r i m e n t a l  c r i t i c a l  f lo w  r a t e s  w i th  
f lo w  r a t e s  p r e d i c t e d  by a  v a p o u r  c h o k in g  m odel w h ich  a ssu m es  th e rm o d y n am ic  
e q u i l i b r i u m  b e tw e e n  p h a s e s .  When a s l i p  r a t i o  o f  t h e  fo rm  g iv e n  i n  ( 1 . 2 4 )  i s  
u s e d  i n  t h e s e  m o d e l s ,  su c h  c o m p a r i so n  w i t h  e x p e r i m e n t a l  r e s u l t s  i n d i c a t e  
t h a t  t h e  v e l o c i t y  o f  t h e  v a p o u r  p h a s e  i s  b e lo w  t h e  s o n i c  v e l o c i t y  f o r  a l l  v a l u e s  
o f  t h e  q u a l i t y  l e s s  t h a n  o n e .  H ow ever,  t h e  a s s u m p t io n  o f  th e rm o d y n am ic  
e q u i l i b r i u m  an d  o f  t h e  h i g h  v a l u e  o f  s l i p  r a t i o  a r e  b o t h  o pen  t o  q u e s t io n , ,  
l e a v i n g  t h e  a t t r a c t i o n s  o f  t h e  v a p o u r  c h o k in g  m echan ism  u n a f f e c t e d .
1 .5  C h a p te r  C lo s u re
In  t h e  p r e v i o u s  s e c t i o n  a  num ber o f  t h e o r e t i c a l  m ode ls  o f  tw o -p h a s e  
c r i t i c a l  f lo w  h av e  b e e n  d i s c u s s e d  a n d  com pared  w i t h  e x p e r i m e n t .  Many o f  t h e s e  
m odels  g iv e  i m p r e s s i v e  p r e d i c t i o n s  o f  c r i t i c a l  f l a s h i n g  f l o w s ,  b u t  f o r  t h e  
p a r t i c u l a r  c a s e  o f  c r i t i c a l  f l a s h i n g  f lo w s  o f  i n i t i a l l y  s u b c o o l e d  l i q u i d  i n  
s h o r t  n o z z l e s  m ost o f  t h e s e  m odels  a r e  i n a d e q u a t e .  Among t h e  i n a d e q u a c i e s  
o f  t h e  m ode ls  r e v i e w e d  a r e  f a i l u r e s  t o  p r e d i c t  t h e  e x p e r i m e n t a l l y  o i j s e rv e d  
v a r i a t i o n  o f  f lo w  r a t e  w i t h  n o z z l e  l e n g t h  o r  v a r i a t i o n  o f  f lo w  r a t e  w i th
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The e x p e r i m e n t a l  wor>k p r e s e n t e d  i n  s e c t i o n  1 . 3  c o v e r s  a  w ide  r a n g e  o f  
e x p e r i m e n t a l  s i t u a t i o n s  and  a l a r g e  b o d y  o f  e x p e r i m e n t a l  d a t a  e x i s t s  f o r  tw o -  
p h a s e  c r i t i c a l  f l a s h i n g  f l o w s .  F o r  t h e  c a s e  o f  tw o -p h a s e  c r i t i c a l  f lo w s  a t  
low p r e s s u r e s ,  h o w e v e r ,  t h e  e x p e r i m e n t a l  d a t a  i s  n o t  c o m p le t e .
T h is  t h e s i s  i s ,  t h e r e f o r e , d i v i d e d  i n t o  two p a r t s .
I n  t h e  f i r s t  p a r t ,  a  new m odel o f  tw o -p h a s e  f l a s h i n g  f lo w  i s  p r e s e n t e d .
T h is  m ode l  a l l o w s  f o r  a l l  t h e  e x p e r i m e n t a l l y  o b s e r v e d  v a r i a b l e s ,  e s p e c i a l l y  
s l i p  r a t i o  an d  t h e  e x i s t e n c e  o f  m e t a s t a b i l i t y .  A new m eth o d  o f  c a l c u l a t i n g  
e v a p o r a t i o n  r a t e s ,  a t  s h o r t  e x p o s u r e  t i m e s ,  i s  d e v e lo p e d  an d  a p p l i e d  t o  a 
s e p a r a t e d  f lo w  m odel o f  tw o -p h a s e  f l o w .
I n  t h e  s e c o n d  p a r t ,  t h e  r e s u l t s  o f  e x p e r i m e n t s  on tw o - p h a s e  f lo w s  a r e  
r e p o r t e d .  Tliese e x p e r i m e n t s  w ere  c a r r i e d  o u t  f o r  low p r e s s u r e  f lo w s  i n  a  s e t  
o f  s h o r t  n o z z l e s .
F i n a l l y  t h e  e x p e r i m e n t a l  r e s u l t s  and t h e o r e t i c a l  p r e d i c t i o n s  a r e  com pared .
In  t h e  n e x t  c h a p t e r ,  t h e  t h e o r e t i c a l  d ev e lo p m e n t  b e g i n s  w i t h  t h e  p r e s e n t a t i o n  
o f  a  s im p le  m odel f o r  t h e  p r e d i c t i o n  o f  h e a t  t r a n s f e r  i n  t u r b u l e n t  f l o w s .
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C h a p t e r  2 -  l1ie R e y n o ld s  F lu x  and  h a n c k w e r t c '  S u r f a c e ....RgJigHaL„lhgorii
2 , 1  I n t r o d u c t i o n
I n  S e c t i o n s  1 . 4  an d  1 .5  t h e  i m p o r t a n c e  a t t a c h e d  t o  t h e  p r e d i c t i o n  o f  r a t e s  
o f  mass t r a n s f e r  b e tw e e n  p h a s e s  i n  f l a s h i n g  f lo w s  was e m p h a s i s e d .  One o f  t h e  
m o s t  i m p o r t a n t  f a c t o r s  i n  d e t e r m i n i n g  t h e s e  mass t r a n s f e r  r a t e s  i s  t h e  r a t e  o f  
h e a t  t r a n s f e r  i n  t h e  p h a s e s . .  S in c e  tw o -p h a s e  f l a s h i n g  f l o w s  a r e  u s u a l l y  
t u r b u l e n t  f l o w s ,  some p r e d i c t i o n  m echan ism  f o r  h e a t  t r a n s f e r  i n  t u r b u l e n t  
f lo w s  m u s t  b e  u s e d  i f  v a l u e s  f o r  m ass t r a n s f e r  r a t e s  b e tw e e n  p h a s e s  a r ; t o  be 
i n c l u d e d  i n  a  m o d e l  o f  tw o -p h a s e  f l a s h i n g  f lo w .
The d e v e lo p m e n t  o f  s u c h  a  m odel f o r  f l a s h i n g  f lo w s  w i l l  t h e r e f o r e  d ep e n d  
on th e  m odel o f  t h e  t u r b u l e n t  t r a n s f e r  p r o c e s s  c h o s e n  a n d  i n  t h i s  i n t r o d u c t o r y  
s e c t i o n  some s i m p le  t h e o r i e s  f o r  t h e  p r e d i c t i o n  o f  t u r b u l e n t  t r a n s f e r  p r o c e s s e s  
a r e  r e v i e w e d ,  b e f o r e  t h e  t h e o r e t i c a l  m odel u s e d  i n  t h i s  work i s  i n t r o d u c e d .
A l th o u g h  i n  p r i n c i p l e  i t  m ig h t  be  p o s s i b l e  t o  p r e d i c t  t h e  p r o p e r t i e s  o f  
t u r b u l e n t  f lo w s  b y  a n a l y s i s  o f  t h e  N a v i e r - S t o k e s  e q u a t i o n s  t o g e t h e r  w i t h  t h e  
r e l e v a n t  b o u n d a r y  c o n d i t i o n s  s u c h  a  t a s k  i s ,  a t  p r e s e n t ,  i m p r a c t i c a l  f o r  m o s t  
w o r t h w h i l e  s i t u a t i o n s  e v e n  w i t h  t h e  d e v e lo p m e n t  o f  m odern  m e th o d s  o f  n u m e r i c a l  
a n a l y s i s .  Thus i n  t h e  s t u d y  o f  t u r b u l e n t  f lo w s  a s  i n  m o s t  o t h e r  f i e l d s  o f  
t h e o r e t i c a l  a n a l y s i s  v a r i o u s  m o d e ls  o f  d i f f e r i n g  c o m p l e x i t y  h av e  b e e n  i n t r o d u c e d .
P e rh a p s  t h e  e a r l i e s t  e f f e c t i v e  m ode l  o f  t u r b u l e n t  f lo w  was due t o  R ey n o ld s  (, 
R e y n o ld s  was a b l e  t o  r e l a t e  c o n v e c t i v e  h e a t  and  mass t r a n s f e r  b y  a s su m in g  t h a t  
b o t h  p r o c e s s e s  w e re  due t o  a  l a t e r a l  movement o f  f l u i d  p a r t i c l e s  r e l a t i v e  t o  
t h e  mean a x i a l  m o t io n  o f  t h e  f l u i d .  Thus R ey n o ld s  T h eo ry  d e s c r i b e s  t u r b u l e n t  
t r a n s f e r  p r o c e s s e s  i n  t e r m s  o f  a  s i n g l e  p a r a m e t e r ,  a  l a t e r a l  m o t io n  o r  f l u x .  
R e y n o ld s  a l s o  p o s t u l a t e d  t h a t  t h i s  f l u x  c o u l d  b e  d e s c r i b e d  a s  c o n s i s t i n g  o f  
" lum ps" o f  f l u i d  o f  g r e a t e r  t h a n  m o l e c u l a r  s i z e ,  o r  i n  R e y n o l d s ’ w ords " n o n -  
m o l e c u l a r  f l u i d  p a r t i c l e s " .  U n f o r t u n a t e l y  R e y n o l d s ’ a c t u a l  t h e o r e t i c a l  m odel 
was n e g l e c t e d  f o r  many y e a r s  a l t h o u g h  t h e  "R e y n o ld s  A n a lo g y "  was w i a e ly  u s e d .
A f t e r  R e y n o l d s ’ m odel h ad  b e e n  l a r g e l y  a b a n d o n e d ,  o t h e r  t h e o r e t i c a l  m odels  
w e re  p r o p o s e d .  The " m ix in g  l e n g t h "  m odel o f  P r a n d t l  ( 3 4 )  i s  p e r n a n s  t h e  b e ^ t
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knov7ii o f  t h e s e .  ' P r a n d t l  a t t e m p t e d  t o  d e s c r i b e  t u r b u l e n c e  phenom ena i n  t e rm s  
o f  a s i n g l e  p a r a m e t e r  -  a  l e n g t h  s c a l e .  T h is  l e n g t h  i s  t h e  " m ix in g  l e n g t h "  
and  d ep e n d s  on  t h e  g e o m e t ry  o f  t h e  f l o w .  How ever, t h i s  m odel i s  i n s e n s i t i v e  
t o  v a r i a t i o n s  o f  t u r b u l e n c e  l e v e l  i n s i d e  t h e  f lo w  and by  1945 P r a n d t l  h a d  
d e v e lo p e d  an  a n a lo g o u s  tw o - p a r a m e t e r  m o d e l ,  ( 3 5 ) ,  u s i n g  a s  t h e  s e c o n d  p a r a m e t e r  
t h e  l e v e l  o f  k i n e t i c  e n e r g y  o f  t h e  t u r b u l e n t  f l u c t u a t i o n .  D evelopm ent o f  t h i s  
an d  s i m i l a r  m ode ls  h a s  c o n t i n u e d  an d  d e s p i t e  i n c r e a s i n g  c o m p l e x i t y  o f  t h e  
a n a l y s i s  u s e f u l  p r e d i c t i o n s  h av e  b e e n  made p a r t i c u l a r l y  b y  S p a l d i n g  and  h i s  
a s s o c i a t e s  ( 3 6 ) ,  ( 3 7 ) .
Hie i n c r e a s i n g  c o m p l e x i t y  o f  t h e s e  a n a l y s e s  h a s  a s s i s t e d  t h e  r e v i v a l  o f  
t h e  b a s i c  R e y n o ld s  T h eo ry .  S i l v e r  ( 3 8 ) ,  i n  195 0 ,  r e i n t r o d u c e d  R e y n o l d s ’ c o n c e p t s  
an d  u s e d  them  t o  c a l c u l a t e  c o m b u s t io n  r a t e s  (3 9 )  and  a l s o  t o  p r e d i c t  c o n d e n s a t i o n  
r a t e s  w i t h  t h e  c o r r e s p o n d i n g  p r e s s u r e  d ro p s  ( 4 0 ) .  W a l l i s  f u r t h e r  d e v e lo p e d  t h e  
t h e o r y  an d  e x t e n d e d  i t s  u s e  t o  tw o -p h a s e  f lo w s  ( 4 1 ) .
The b a s i c  m odel was a l s o  u s e d  b y  S p a l d i n g  ( 4 2 ) ,  who i n t r o d u c e d  t h e  te rm  
" R e y n o ld s  F lu x "  t o  d e s c r i b e  t h e  l a t e r a l  m o t io n  o f  t h e  f l u i d  p a r t i c l e s .
R ey n o ld s  T heory  h a s  now b e e n  e s t a b l i s h e d  a s  h a v i n g  g r e a t  u t i l i t y  b u t  
d e s p i t e  s u c c e s s  i n  t h e o r e t i c a l  p r e d i c t i o n s ,  t h e  b a s i c  t h e o r y  f a i l s ,  b e c a u s e  
i t  c a n n o t  p r e d i c t  t h e  t u r b u l e n t  P r a n d t l  N u n b e r .  T h e r e f o r e  t h e  b a s i c  f l u x  
c o n c e p t  m u s t  ne  f u r t h e r  d e v e lo p e d  i f  an  a d e q u a t e  t h e o r y  o f  t u r b u l e n c e  i s  t o  
be  d e r i v e d .
Such a  d e v e lo p m e n t  a p p e a r s  a s  t h e  e n t i t y  m odel o f  T y l d e s l e y  and  S i l v e r  ( 4 3 ) .  
I n  t h i s  m odel t h e  t u r b u l e n t  f lo w  f i e l d  i s  i d e a l i s e d  b y  a s s u m in g  t h a t  i t  can  b e  
c o n s i d e r e d  t o  be  com posed o f  a c o l l e c t i o n  o f  f l u i d  e n t i t i e s ,  a n a lo g o u s  t o  
R e y n o l d s ’ " n o n - m o le c u l a r  f l u i d  p a r t i c l e s " ,  o f  v a r i o u s  s h a p e s  and  s i z e s .  T h is  
t h e o r y  u s e s  two p a r a m e t e r s ,  an  e n t i t y  s c a l e ,  and an  e n t i t y  v e l o c i t y ,  once  a g a i n  
an  exam ple  o f  a  s im p le  one p a r a m e t e r  m odel b e i n g  im p ro v ed  b y  t h e  i n t r o d u c t i o n  
o f  a  s e c o n d  p a r a m e t e r .  The m odel h a s  b e e n  u s e d  s u c c e s s f u l l y  t o  p r e d i c t  
t e m p e r a t u r e  p r o f i l e s  i n  c h a n n e l  f lo w  (4 4 )  and  t h e  t r a n s p o r t  p r o p e r t i e s  o f  
s u s p e n s i o n  o f  s o l i d s  ( 4 5 ) .
The p r e s e n t  w o rk ,  h o w e v e r ,  u s e s  a n  e x t e n s i o n  o f  t h e  o r i v i n a ]  R evnn lds
T heory  t o  p r o d u c e  a l e s s  s o p h i s t i c a t e d  t u r b u l e n c e  .model. I n  a l l  p r e v i o u s  
p r e s e n t a t i o n s  o f  R ey n o ld s  T h e o r y ,  t h e  l a t e r a l  f l u x  was assu m ed  i n s t a n t a n e o u s l y  
t o  r e a c h  e q u i l i b r i u m  w i t h  t h e  c o n d i t i o n s  a t  t h e  b o u n d a ry  s u r f a c e  o r  w a l l ,  
a l t h o u g h  S i l v e r  ( 4 6 )  d i d  a c c e p t  t h e  p o s s i b i l i t y  o f  t h e  r e t u r n  f l u x  n o t  
b e i n g  i n  e q u i l i b r i u m  w i t h  t h e  w a l l .
By a l l o w i n g  f o r  su c h  d e v i a t i o n  f ro m  e q u i l i b r i u m  t h e  R ey n o ld s  T heory  
may b e  f u r t h e r  d e v e lo p e d .  T h is  i s  a c h i e v e d  b y  a  s y n t h e s i s  o f  t h e  R ey n o ld s  
T heory  an d  t h e  D an ck w er ts  " S u r f a c e  R enew al"  T h eo ry .
2 .2  The U.io o f  S u r f ace  Renewa l  i n  Rey n o ld s  T heory
I n  1951 D an ck w er ts  (4 7 )  d i s c u s s e d  g as  a b s o r p t i o n  i n  l i q u i d  f i l m s  i n  
te rm s  o f  t h e  r e n e w a l  o f  t h e  l i q u i d  s u r f a c e  by  a l a t e r a l  f l u x  o f  lu m p s ,  o r  
e d d i e s  o f  l i q u i d ,  w h i l e  M ick ley  an d  F a i r b a n k s  (4 8 )  l a t e r  a d a p te d  t h i s  t o  
h e a t  t r a n s f e r  i n  f l u i d i s e d  b e d s .  D an ck w er ts  was a b l e  t o  i n c l u d e  t h e  p o s s i b i l i t y  
o f  i n c o m p l e t e  e q u i l i b r a t i o n  o f  t h e  e d d i e s  w i th  t h e  w a l l s  be  d e f i n i n g  a d u r a t i o n  
o f  c o n t a c t  o f  e d d i e s  w i t h  t h e  s u r f a c e  an d  h e n c e  d e r i v e  a  s t a t i s t i c a l  mean 
c o n t a c t  l i f e  i n  t e rm s  o f  t h e  l a t e r a l  f l u x .  The d i f f u s i o n  e q u a t i o n s  f o r  en e rg ^ r ,  
m a ss ,  o r  momentum, t r a n s f e r  a r e  a p p l i e d  f o r  t h e  mean d u r a t i o n  t i m e s ' t o  g iv e  
mean t r a n s f e r  r a t e s .
The D a n c k w e r t s ' m odel h a s  b e e n  w i d e l y  u s e d ,  m ost  r e c e n t l y  b y  Thomas,
Chung an d  M ah a ld a r  (4 9 )  t o  e v a l u a t e  t e m p e r a t u r e  p r o f i l e s  i n  h i g h  P r a n d t l  
Number f l u i d s  b u t  t h e  r e l a t i o n  b e tw e e n  t h i s  t h e o r y  a n d  t h e  R e y n o ld s  F lu x  
h a d  n o t  b e e n  n o t e d .
The i d e a s  o f  t h e  s u r f a c e  r e n e w a l  t h e o r y  can  b e  u s e d  t o  d e v e lo p  an  im p ro v e d  
two p a r a m e t e r  fo rm  o f  t h e  R ey n o ld s  T h eo ry .
I n  t h i s  v a r i a t i o n  o f  t h e  c o n v e n t i o n a l  t h e o r y ,  t h e  R e y n o ld s  F lu x (Q ) i s  
r e t a i n e d  a s  one p a r a m e t e r  b u t  a  s e c o n d  p a r a m e t e r  ( g )  i s  i n t r o d u c e d  w h ich  
p h y s i c a l l y  c o r r e s p o n d s  t o  a  n o rm a l  d im e n s io n  o f  t h e  e d d i e s  o r  e n t i t i e s  i n  
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S U  '   FROM WALL SURFACE
The b o u n d a r y  s u r f a c e  a t  x = 0 i s  s u p p o s e d  t o  c o n s i s t  o f  e n t i t i e s  o r  
" lu m p s ” o f  f l u i d ,  t h e s e  h a v i n g  b e e n  i n  d i r e c t  c o n t a c t  w i t h  t h e  w a l l  f o r  
v a r i o u s  t i m e s .
As i n  D a n c k w e r ts '  o r i g i n a l  p r e s e n t a t i o n  we f i n d  a  s u r f a c e  age  d i s t r i b u t i o n  
ç5(t) b u t  s i n c e  d i f f e r e n t  p a r a m e t e r s  a r e  u s e d  t h e  f o l l o w i n g  p r e s e n t a t i o n  d i f f e r s  
from  t h a t  g i v e n  i n  ( 4 7 ) .
Tlie mass o f  s u r f a c e  dA h a v i n g  an ag e  b e tw e e n  t  a n d  t  t  d t  i s  s im p ly  
P ^ d A ^ ( t ) d t .
The r a t e  o f  d e c r e a s e  o f  s u r f a c e  o f  any  age i s  e q u a l  t o  t h e  r a t e  a t  w h ich  
t h a t  s u r f a c e  i s  r e p l a c e d .  The r a t e  o f  r e p l a c e m e n t  o f  s u r f a c e  o f  ag e  t  t o  t  t  d t  
i s  e ^ ( t ) d t . d A
F o r  mass e q u i l i b r i u m  a t  t h e  s u r f a c e
d 0 ( t )
S o l v i n g  f o r  ?5(t)
p6 = e 0 ( t )  . . . . . ( 2 . 1 )
^ ( t )  = t ( c o n s t )  e x p ( -  t ) . . ( 2 . 2 )
Now 0 ( t )  m ust  b e  su c h  t h a t
/  0 ( t ) d t  = 1  ( 2 . 3 )
o
So u s i n g  ( 2 , 3 )  t o  e v a l u a t e  t h e  c o n s t a n t . i n  ( 2 . 2 )
G Qp ( t )  " —p c x p ( -  —r t )  . . . . . ( 2 . 4 ) .
p 6 p Û
T ît s  s u r f a c e  a g e  d i s t r i b u t i o n  i s  n o w  u s e d  t o  e v a l u a t e  m e a n  v a l u e s  o f  h e a t  % 
m a s s  a n d  m o m e n tu m  t r a n s f e i ’ c o e f f i c i e n t s .
-24-
Tliese c o e f f i c i e n t s  a r e  d e r i v e d  by  f i r s t  s o l v i n g  t h e  r e l e v a n t  d i f f u s i o n  
e q u a t i o n s  f o r  d i f f u s i o n  i n  t h e  e n t i t i e s  i n  c o n t a c t  w i t h  t h e  w a l l .
I f  t h e  t r a n s f e r  c o e f f i c i e n t s  a r e  t o  be  e v a l u a t e d  f o r  a p l a n e ' s u r f a c e  
w i t h  a c o o r d i n a t e  s y s t e m  a s  shown i n  F ig  2 ' ! ,  t h e n  t h e  d i f f u s i o n  e q u a t i o n s  a r e ,  
u s i n g  t h e  s t a n d a r d  n o t a t i o n
2\ a m





9 x 2 - 9 t
_  8Cp
'9T"
momentum t r a n s f e r
mass t r a n s f e r
( 2 . 5 )
The e l e m e n t s  a r e  t r e a t e d  a s  e x t e n d i n g  f ro m  x = O t o x = ® ^  i . e .  t h e y  a r e  
s e m i - i n f i n i t e .  The b o u n d a r y  c o n d i t i o n s  im p o sed  a r e ;  
t  = 0 X 0 0 = 0 Ï Ï = Ï Ï  C = C
t > 0  X = 0 0 = 0 U = 0 C = C
X  =  ™  0 = 0 ^  U  =  C  =
E q u a t i o n s  ( 2 . 5 )  may b e  s o l v e d  u s i n g  an e r r o r  f u n c t i o n  s o l u t i o n  t o  g iv e  
i n s t a n t a n e o u s  t r a n s f e r  c o e f f i c i e n t s  a t  t h e  s o l i d  s u r f a c e .  T li is  s o l u t i o n  i s  
s t a n d a r d  an d  c a n  b e  fo u n d  i n  many t e x t s  e . g .  C ars  law  and  J a e g e r  ( 5 0 ) .
T hese  i n s t a n t a n e o u s  t r a n s f e r  c o e f f i c i e n t s  a r e




^ , 2772  ^
7T V h
momentum t r a n s f e r  ( 2 . 6 )
mass t r a n s f e r
The mean t r a n s f e r  c o e f f i c i e n t s  w i l l  be  t h e  i n s t a n t a n e o u s  v a l u e s  w e i g h t e d  
b y  t h e  s u r f a c e  age  d i s t r i b u t i o n .  C om bin ing  ( 2 . 4 )  w i t h  ( 2 . 6 ) ,  f o r  h e a t  t r a n s f e r ,
kp C ■ 
p
IT
k p C  
.  I Ê
/  t  o î 4 ( t ) d t . ( 2 . 7 )
/  ç 5 ( t ) u t ,  
o




S i m i l a r l y
and mp 6
( 2 . 8 a )
( 2 . 8 b )
( 2 . 8 c )
The mean a g e  o f  t h e  e n t i t i e s  a t  t h e  s u r f a c e  i s
1
t  0 ( t ) ' i t  =
p6
( 2 . 9 )
o •
2 . 3  C o m p ariso n  w i t h  t h e  R e y n o ld s  T h eo ry
I t  i s  c u s to m a ry  t o  w r i t e  t h e  v a r i o u s  t r a n s f e r  c o e f f i c i e n t s  i n  t e r m s  
o f  t h e  R e y n o ld s  F lu x  (G^) a s




h^ _  _ £D P
( 2 . 1 0 )
and  t o  e x p r e s s  t h e  R e y n o ld s  A na logy  a s
J l = h
Dp
( 2 . 11)
( 2 . 9 )  an d  ( 2 . 1 0 )  have  b e e n  w i d e l y  u s e d  e . g .  by S i l v e r  ( 4 0 )  and  b y  W a l l i s  (4 1 )  
The fo rm s  g i v e n  i n  ( 2 . 1 0 )  an d  ( 2 . 1 1 )  m ust b e  r e c o n c i l e d  w i t h  t h e  s i m i l a r  
e x p r e s s i o n s  g i v e n  i n  ( 2 . 8 )  t o g e t h e r  w i t h  t h e  c o r r e s p o n d i n g  ’’a n a lo g y  e q u a t i o n " .
= [P r] f  PU„ = ( 2 . 1 2 ) .
Two a p p r o a c h e s  may be  u s e d  t o  r e c o n c i l e  t h i s - a p p a r e n t  c o n t r a d i c t i o n .
The f i r s t  i s  an  a p p r o a c h  due t o  S p a l d i n g  ( 4 2 ) .  S p a l d i n g  s e e s  t h e  
R ey n o ld s  F lu x  as  a d e v i c “ t o  a s s i s t  c a l c u l a t i o n  o f  t r a n s f e r  c o e f f i c i e n t s  and
u s e s  known t r a n s f e r  c o e f f i c i e n t s  t o  d e f i n e  t h e  f l u x  (G ^^. The d i f f e r e n t  form s
-26- .
o f  e q u a t i o n s  ( 2 . 8 )  an d  ( 2 . 1 0 )  w ould  n o t  be r e g a r d e d  as  h a v i n g  any im p o i’ta n c e  
u s i n g  t h i s  a p p r o a c h .  T ak in g  t h e  same p o s i t i o n  Morsy and  S i l v e r  (5 1 )  h av e  
shown t h a t  u s i n g  th e  fo rm s o f  e q u a t i o n s  ( 2 . 1 0 )  i t  i s  p o s s i b l e  t o  d e f in e  a 
v a lu e  o f  t h e  R ey n o ld s  F lu x  f o r  a l l  f lo w  s i t u a t i o n s .
A l t e r n a t i v e l y ,  t h e  R ey n o ld s  F lu x ,  can be r e g a r d e d  a s  " r e a l "  i n  t h e  s e n s e  
t h a t  i t  i s ,  i n  some w ay , r e l a t e d  t o  t h e  s t r u c t u r e  o f  t h e  t u r b u l e n t  f l o w .  Tnus 
, t h e  R ey n o ld s  F lu x ,  d e f i n e s  t h e  t r a n s f e r  c o e f f i c i e n t s  and  c o u l d ,  p o s s i b l y ,  be 
d e r i v e d  from  o t h e r  p a r a m e t e r s  u s i n g  some s t a t i s t i c a l  t h e o r y  o f  t u r b u l e n c e .
T h is  i s  an a p p ro a c h  a d v o c a t e d  b y  S i l v e r  ( 4 6 ) .  I f  t h i s  a p p ro a c h  i s  u s e d  th e n  
t h e  a p p a r e n t  d i f f e r e n c e  b e t i f e e n  e q u a t i o n s  ( 2 . 8 )  and  ( 2 . 1 0 )  m ust be r e s o l v e d .
T h is  d i f f e r e n c e  i n  fo rm  can  b e  shown t o  be  due t o  t h e  i n t r o d u c t i o n  o f  t h e  
p o s s i b i l i t y  o f  in c o m p le t e  e q u i l i b r a t i o n  a t  t h e  w a l l  i n  t h e  f o r m u l a t i o n  o f  t h e  
s u r f a c e  r e n e w a l  fo rm .
I f  t h e  mass f l u x  i s  r e g a r d e d  as  " r e a l "  t h e n  c o n s i d e r  t h e  c a s e  o f  h e a t  
t r a n s f e r .  Assume t h a t  t h e  e n t i t i e s  e n t e r  t h e  l a y e r  a t  t h e  w a l l  a t  t e m p e r a t u r e
I
T^^ and  l e a v e  a t  t e m p e r a t u r e  T . Tlie w a l l  t e m p e r  a t  U]?e i s  T^ and  c o n s t a n t .
I n  t h e  s t e a d y  s t a t e  h = )
and  q = G C ( T  - T )o p  GO
So ■ (T„ -  t ' )
h  = e ^ c  ')' . . . . . ( 2 . 1 3 )
^ 0 0  Q
Î
I f  t h e  e n t i t i e s  r e a c h  t h e r m a l  e q u i l i b r i u m  w i th  t h e  w a l l ,  T = T^, an d  
h = G^C^, t h e  fo rm  g i v e n  i n  ( 2 . 1 0 ) .
F o r  t h e  c a s e  w here  e q u i l i b r i u m  i s  n o t  r^eached
t ’ > T
o
and  from  ( 2 . 1 3 )  h < 6 0 .o p
C l e a r l y  t h e  c o n v e n t i o n a l  fo rm  g iv e n  i n  e q u a t i o n  ( 2 . 1 0 )  r e p r e s e n t s  t h e  
maximum p o s s i b l e  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  a g iv e n  f l u x .  S i m i l a r  a n a l y s i s  
shows t h a t  t h e  c o n v e n t i o n a l  v a l u e s  f o r  mass and omentum t r a n s f e r  5n e q u a t i o n
( 2 . 1 0 )  a r e  a l s o  maxima.
The r e l a t i o n  b e tw e e n  t h e  fo rm s  o f  ( 2 . 8 )  and  ( 2 . 1 0 )  i s  b e s t  ex am in ed  by
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c o n s i d e r i n g  t h e  e n t i t y  s i z e  p a r a m e t e r  (& ) .  'Die e n t i t i e s  c o n s i d e r e d  h e r e  a r e  
r e g a r d e d  as  h a v i n g  a  f i n i t e  s i z e  d e n o te d  b y  b u t  t h e  d i f f u s i o n  e q u a t i o n s  (2 ,5 )  
w ere  s o l v e d  f o r  s e m i - i n f i n i t e  b o u n d a ry  c o n d i t i o n s .  I t  w o u ld  seem t h a t  some 
r e s t r i c t i o n  m u st  t h e r e f o r e  be  im p o sed  on t h e  d e p th  t o  w h ich  t h e  m o l e c u l a r  d i f f u s i c :  
p r o c e s s e s  p e n e t r a t e ,  so  t h a t  t h i s  d e p th  i s  l e s s  t h a n  t h e  e n t i t y  s i z e .  The 
d e p th  o f  p e n e t r a t i o n  o f  d i f f u s i o n  e f f e c t s  i s  g iv e n  i n  ( 5 0 )  f o r  t h i s  s o l u t i o n ,  
so  t h a t  t h i s  c o n d i t i o n  i s  ;
6 > a t '
dr > Vt: ,0 •  . . ( 2 . 1 4 )
6 > Dt-^







( 2 .1 5 )
U s in g  t h e s e  minimum v a l u e s  o f  d t o  e v a l u a t e  maximum v a l u e s  o f  t h e  
c o r r e s p o n d i n g  t r a n s p o r t  c o e f f i c i e n t s
h =
k CpG < G.C
DG
p6
< 6 U ............( 2 . 1 5 )
Thus t h e  r e s t r i c t i o n  on t h e  d e p th  o f  p e n e t r a t i o n  o f  d i f f u s i o n  e f f e c t s  
im p o sed  b y  t h e  c h o i c e  o f  s o l u t i o n  o f  t h e  d i f f u s i o n  e q u a t i o n  can  be  s e e n  t o  
be c o n s i s t e n t  w i t h  t h e  r e q u i r e m e n t  t h a t  t h e  c o n v e n t i o n a l  R ey n o ld s  T heory  
c o e f f i c i e n t s  o f  ( 2 . 1 0 )  r e p r e s e n t  maxima.
Tlie r e l a t i o n - b e t w e e n  th e  fo rm s  o f  t h e  a n a lo g y  e q u a t i o n s  ( 2 . 1 1 )  and  
( 2 . 1 2 )  i s  r e s o l v e d  b y  n o t i n g  t h s r  uhe fo rm s  a r e  t h e  same when t h e  P r a n d t l ,  
S c h m id t ,  and  Lewis num bers  a r e  a l l  u n i t y .  The e q u a t i o n s  ( 2 , 1 1 )  a r e
- 2 8 -
c o n s i d e r e d  t o  h o l d  u n d e r  t h i s  c o n d i t i o n ,  b u t  when t h e  c o n d i t i o n  i s  
n o t  s a t i s f i e d  S p a l d i n g  ( 4 2 )  h a s  s u g g e s t e d  t h a t  e q u a t i o n s  o f  t h e  foimn o f  ( 2 . 1 2 )  
may s t i l l  be u s e d ,  a l t h o u g h  S p a l d i n g  s t a t e s  t h a t  t h e  p o w er  t o  w h ich  t h e  P r a n d t l  
o r  Lew is num ber i s  r a i s e d  s h o u l d  be  b e tw e e n  0 .5  an d  0 . 6 6 .
"A n alo g y  e q u a t i o n s "  o f  t h e  fo rm  o f  ( 2 . 1 2 )  can  be  d e v i s e d  d i r e c t l y  from  
D a n c k w e r ts '  o r i g i n a l  t h e o r y  (4 7 )  an d  w ere  u s e d  s u c c e s s f u l l y  b y  Thomas and 
Fan (5 2 )  f o r  h e a t  an d  momentum t r a n s f e r .
2 . 4  A d a p t io n  o f  t h e  T h eo ry  f o r  C urved  B oundary  S u r f a c e s
In  s e c t i o n  2 .2  t h e  s u r f a c e  r e n e w a l  t r a n s f e r  c o e f f i c i e n t s  w ere  e v a l u a t e d  
f o r  s o l u t i o n s  o f  e q u a t i o n s  ( 2 . 5 ) .  E q u a t i o n s  ( 2 . 5 )  d e s c r i b e  d i f f u s i o n  p r o c e s s e s  
a t  a  p l a n e  s u r f a c e  a n d  h e n c e  t h e  t r a n s f e r  c o e f f i c i e n t s  o f  e q u a t i o n s  ( 2 . 8 )  w i l l  
o n ly  a p p l y  s t r i c t l y  t o  p l a n e  b o u n d a r i e s .  I n  t h i s  s e c t i o n  m o d i f i c a t i o n s  a r e  
i n t r o d u c e d  t o  a l l o w  f o r  c y l i n d r i c a l  b o u n d a r y  s u r f a c e s .
In  c y l i n d r i c a l  c o o r d i n a t e s  t h e  d i f f u s i o n  e q u a t i o n s  t a k e  t h e  fo r m .
99 _ 1 ( r a9 t r 9 r 9 r
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( 2 . 1 7 )
w here  r  i s  t h e  r a d i a l  d i s t a n c e  from  t h e  a x i s .
I f  t h e s e  e q u a t i o n s  a r e  s o l v e d  f o r  a  c y l i n d e r  s u r f a c e  o f  r a d i u s  a ,  w i th  
b o u n d a ry  c o n d i t i o n s
t  = 0 0 < r  < a  9 = 0 U = U C = C
CO OÙ 0 0
t  > 0 r  = a  0 = 0 U - 0  C = C o
Then i t  h a s  b e e n  shown by Crank (5 3) f o r  t h e  c a s e  o f  d i f f u s i o n  t h a t  t h e  
s o l u t i o n s  o f  e q n . ( 2 . 1 7 )  h a v e  t h e  fo rm
0 -  o ' ” 9  J  ( r a  )
-  = 1 -  “  E e x p ( -D  a  t )   ^  ( 2 . 1 8 )
Co -  C . ^  n = l  "  V f
w h i l e  t h e  s o l u t i o n s  f o r  h e a t  an d  momentum d i f f u s i o n  h av e  a n a lo g o u s  f o r m s .
The s o l u t i o n  g i v e n  by ( 2 . 1 8 )  i s  u n w ie ld y  a n d  d i f f i c u l t  t o  e v a l u a t e  e x c e p t  
b y  u s i n g  n u m e r i c a l  m e th o d s .  However i n  t h i s  c a s e  i t  i s  o n l y  n e c e s s a r y  t o  e v a l u a t e  
t h e  c o n c e n t r a t i o n  g r a d i e n t  a t  t h e  c y l i n d r i c a l  s u r f a c e  an d  t h e  r e s t r i c t i o n  o f  
e q n .  ( 2 . 1 4 )  m u s t  s t i l l  b e  im p o s e d .
-xy-
F o r  t h e s e  r e s t r i c t i o n s ,  t h e  form  o f  s o l u t i o n  f o r  s h o r t  t i m e s  g iv e n
Dtby  Crank may b e  u s e d .  C rank im p o ses  t h e  c o n d i t i o n  t h a t  << 1 ;  t h i s  c o n d i t i o n
a
i s  c o n s i s t e n t  w i t h  t h e  r e s t r i c t i o n s  o f  e q u a t i o n  2 ,1 4  i f  6^<< a ^ . S in c e  g i s  
t h e  e n t i t y  s i z e  p a r a m e t e r ,  on p h y s i c a l  g ro u n d s  i t  i s  p r o b a b l e  t h a t  6<< a .
Hence C r a n k ’s  s o l u t i o n  i s
•  ^ . (■^ )br,fc + (funmgu)' i erfc-^  '
^o ^  c Æ t  4 a r   ^  ^ 2 Æ t
(qa^  -  7 r  -  2 a r ) D t  a ' -  r
+ 2777372 3 / 9  i erf G — —  (2 .1 9 )32a ^  r
At t h e  s u r f a c e  a  = r  an d  a l l  t h e  c o e f f i c i e n t s  o f  t e r m s  o t h e r  t h a n  t h e  f i r s t  
a r e  z e r o .  Hence t h e  m ass t r a n s f e r  c o e f f i c i e n t  d e id v e d  from  ( 2 . 1 9 )  i s  i d e n t i c a l  
t o  t h a t  f o r  d i f f u s i o n  a t  a p l a n e  s u r f a c e
i - G -  V  p D | i   ( 2 . 6 )
S i m i l a r  r e s u l t s  can  be  d e r i v e d  f o r  h e a t  an d  momentum t r a n s f e r .
The i d e n t i t y  o f  t h e  t r a n s f e r  c o e f f i c i e n t s  a t  p l a n e  an d  c y l i n d r i c a l  s u r f a c e  
f o r  s h o r t  t i m e s  i s  a r e s u l t  o f  t h e  c o n d i t i o n  t h a t  t h e  p e n e t r a t i o n  d e p th  
Dt < 6^ << a ^ .  P h y s i c a l l y  t h i s  i m p l i e s  t h a t  t h e  d e p th  o f  p e n e t r a t i o n  i s  so  
much s m a l l e r  t h a n  t h e  r a d i u s  o f  t h e  c y l i n d r i c a l  s u r f a c e  t h a t  t h e  r a d i u s  o f  
c u r v a t u r e  c o u l d  b e  r e g a r d e d  a s  i n f i n i t e  and t h e  d i f f u s i o n  e f f e c t s  w e re  i d e n t i c a l  
w i t h  t h o s e  a t  a  p l a n e  s u r f a c e .
2 .5  C h a p te r  C lo s u r e  an d  D i s c u s s i o n  o f  Model
The v a l u e  o f  t h e  s u r f a c e  r e n e w a l  fo rm  o f  R ey n o ld s  T h e o ry  d e r i v e d  i n  t h i s  
c h a p t e r  d ep en d s  s o l e l y  on i t s  u t i l i t y  i n  p r e d i c t i n g  some r e a l  s i t u a t i o n .  T h is  
m o d e l ,  h o w e v e r ,  u s e s  two p a r a m e t e r s ,  a  mass f l u x  an d  an  e n t i t y  s c a l e ,  w h e re a s  
t h e  c o n v e n t i o n a l  R e y n o ld s  T h e o ry  r e q u i r e s  o n l y  one p a r a m e t e r ,  a  mass f l u x .  
C o n s e q u e n t ly ,  t h e  s u r f a c e  r e n e w a l  fo rm  w o u ld  n o t  seem t o  o f f e r  any  a d v a n ta g e s  
o v e r  t h e  more c o n v e n t i o n a l  fo rm  o f  R e y n o ld s  T h e o ry .
T h is  d i f f i c u l t y  can  be  overcom e by  e i t h e r
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( e )  i n t r o d u c i n g  e x p e r i m e n t a l  d a t a  t o  e v a l u a t e  e i t h e r  t h e  e n t i t y  s c a l e  
o r  t h e  mass f l u x  o r  b o t h ,  o r  a l t e r n a t i v e l y
( b )  by  c o n f i n i n g  t h e  a p p l i c a t i o n  d f  t h e  model t o  s i t u a t i o n s  w hich  w i l l  
a l l o w  one o r  o t h e r  o f  t h e  p a r a m e t e r s  t o  be a p p r o x im a te d  o r  n e g l e c t e d .
The m ost o b v io u s  c h o ic e  i s  t o  p r o c e e d  u s i n g  c o u r s e  ( a ) .  I f  t h i s  i s  done 
t h e n ,  s i n c e  e x p e r i m e n t a l  e v a l u a t i o n  o f  t h e  R eyno lds  F lu x  h a s  p r o v e d  d i f f i c u l t ,  
e x c e p t  f o r  t h e  t r i v i a l  c a s e  i n  t h e  u se  o f  t h e  a n a lo g y  e q u a t i o n s ,  p r o g r e s s  can 
be  made o n ly  b y  r e l a t i n g  t h e  e n t i t y  s i z e  (6 )  t o  some p r o p e r t y .  I f  t h e  a p p ro a c h
o f  T y ld e s l e y  and  S i l v e r  (4 3 )  t o  t h e  l e n g t h  p a r a m e t e r  i n  t h e i r  t u r b u l e n c e  model
i s  u s e d ,  t h e n  t h e  e n t i t y  s i z e  s h o u l d  b e  ta lcen  as  o f  t h e  same o r d e r  as  t h e  
t u r b u l e n t  m i c r o s c a l e .  E x p e r im e n ta l  d a t a  f o r  t u i b u l e n t  m i c r o s c a l e s  h a s  b ee n  
p u b l i s h e d  by  b a u f e r  (5 4 )  f o r  t h e  f lo w  o f  w a t e r  i n  p i p e s ,  and  by  W e l l s ,
H arknesSg and  Meyer (5 5 )  f o r  w a t e r  f lo w s  i n  c l o s e d  d u c t s .  From t h i s  d a t a  i t
w ou ld  seem t h a t  t y p i c a l  v a l u e s  o f  t h e  m i c r o s c a l e  n e a r  t h e  b o u n d a r i e s  o f  t h e  
f lo w  w ou ld  be  o f  o r d e r  0 .0 5  d ,  w here  d i s  t h e  h y d r a u l i c  d i a m e t e r  o f  t h e  d u c t .  
F u r t h e r , t u r b u l e n t  m i c r o s c a l e s  f o r  a i r  f lo w s  a r e  o f  t h e  same o r d e r  a s  t h o s e  f o r  
w a t e r  f lo w s  i n  t h e  same p a s s a g e  and  t u r b u l e n t  m i c r o s c a l e s  w ould  seem t o  be 
l a r g e l y  u n a f f e c t e d  b y  c h a n g in g  R ey n o ld s  Numbers.
An a l t e r n a t i v e  v iew  w ould  be  t h a t  t h e  l a m i n a r  s u b l a y e r  w h ich  a p p e a r s  i n  
t h e  c a s e  o f  t u r b u l e n t  f lo w s  o v e r  a  s u r f a c e  c o u ld  be c o n s i d e r e d  as  r e p r e s e n t i n g  
a  l a y e r  o f  e n t i t i e s  i n  c o n t a c t  w i t h  t h e  s u r f a c e .  L a u f e r  (5 4) g i v e s  e x p e r i m e n t a l  
v a l u e s  o f  t h e  s u b l a y e r  t h i c k n e s s  a s  b e i n g  o f  o r d e r  0 . 0 1  d .
S in c e  t h e  e x p e r i m e n t a l  v a l u e s  o f  m i c r o s c a l e  a i d  l a m n a r  s u b l a y e r  t h i c k n e s s  
a r e  o f  t h e  same o r d e r  e i t h e r  v a lu e  c o u ld  p r o b a b ly  be u s e d .  The v a lu e  f o r  
s u b l a y e r  t h i c k n e s s  s h o u l d  be p r e f e r r e d  f o r  work c o n c e r n i n g  f i x e d ,  s o l i d  s u r f a c e s  
A l th o u g h  t h e  c h o ic e  o f  a l t e r n a t i v e  (b )  m ig h t  seem  t o  s e v e r e l y  r e s t r i c t  
t h e  u se  o f  t h e  m o d e l ,  i t  i s  t h i s  a p p ro a c h  w hich  m ust b e  u s e d  u n l e s s  some v a lu e  
f o r  t h e  mass f l u x  can be  fo u n d .  In  t h i s  work u se  o f  t h e  s u r f a c e  r e n e w a l  model 
i s  c o n f i n e d  t o  c a s e s  wiiei-e t h e  n e e d  f o r  v a l u e s  o f  b o th  t h e  mass I  l u x  and th e  
e r r i r y  s i z e  can  be a v o id e d .
The n e x t  c h a p t e r  w i l l  p r e s e n t ' a n  a p p l i c a t i o n  o f  t h e  s u r f a c e  re n ew a l  m o d e l
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t o  t h e  c a l c u l a t i o n  o f  e v a p o r a t i o n  r a t e s  o f  l i q u i d s ,  an d  w i l l  show t n a t  by 
c o n s i d e r i n g  o n ly  i n i t i a l  e v a p o r a t i o n  r a t e s  f o r  s h o r t  t im e  i n t e r v a l s ,  such  
e v a p o r a t i o n  r a t e s  may be  c a l c u l a t e d  from  s im p le  p h y s i c a l  p r o p e r t i e s  o f  t h e  
l i q u i d ,  w i t h o u t  r e f e r e n c e  t o  e i t h e r  e n t i t y  s i z e  o r  mass f l u x .
N ote  : The b u l k  o f  t h e  work i n  C h a p te r  2 h a s  b e e n  p u b l i s h e d  i n  a s h o r t
p a p e r :  THOMSON, G.M. and  SIbTER, R .S .  "ReynoJ.ds F lu x  and  D an ck w er ts  S u r f a c e
Renew al T h e o r y " ,  I n t .  J .  H e a t  Mass T r a n s f e r ,  V o l . 15 (1 9 7 2 )  p . 1284 .
A copy o f  t h i s  p a p e r  fo rm s Annexe A1 t o  t h i s  t h e s i s .
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Chapter 3 - Evaporation and Condensation Rates for Short Time Intervals
3 .1  I n t r o d u c t i o n
The d i s c u s s i o n  o f  tw o -p h a s e  f l a s h i n g  f lo w s  i n  C h a p t e r  1 i n d i c a t e d  t h a t  
t h e  mass f lo w  r a t e s  f o r  f l a s h i n g  f lo w s  a r e ,  a t  l e a s t  i n  p a r t ,  c o n t r o l l e d  by  
t h e  q u a l i t y  o f  t h e  f lo w  m i x t u r e .
Thus any  m odel o f  tw o - p h a s e  f l a s h i n g  flcv7 m ust i n c o r p o r a t e  some 
a s s u m p t i o n s ,  n o t  o n l y  o f  q u a l i t y ,  b u t  a l s o  o f  r a t e s  o f  v a p o u r  e v o l u t i o n .
I n  t h e  c a s e  o f  c r i t i c a l  f l a s h i n g  f lo w  p r o c e s s e s ,  t h e  f l a s h i n g  l i q u i d  i s  
e x p o s e d  t o  l a r g e  p r e s s u r e  d ro p s  d u r i n g  a  v e r y  s h o r t  e x p o s u r e  t i m e .  F o r  t h e  
low p r e s s u r e  c r i t i c a l  f lo w s  d i s c u s s e d  i n  t h i s  w o rk ,  r e s i d e n c e  t i m e s  i n  f lo w  
p a s s a g e s  a r e  l e s s  t h a n  10 m i l l i s e c o n d s  f o r  s u p e r h e a t s  up t o  40 ^C.
T h is  c h a p t e r  d e m o n s t r a t e s  t h e  u s e  o f  t h e  s u r f a c e  r e n e w a l  m odel t o  p r e d i c t  
r a t e s  o f  e v a p o r a t i o n  (a n d  c o n d e n s a t i o n )  o f  l i q u i d s .  T h i s  a p p l i c a t i o n  
o f  t h e  s u r f a c e  r e n e w a l  m odel i s  r e s t r i c t e d  t o  s i t u a t i o n s  w h e re  t h e  s u r f a c e  o f  
t h e  l i q u i d  i s  e x p o s e d  t o  p r e s s u r e s ,  l e s s  t h a n  t h e  s a t u r a t i o n  p r e s s u r e  c o r r e s ­
p o n d in g  t o  t h e  b u l k  l i q u i d  t e m p e r a t u r e ,  f o r  v e r y  s h o r t  e x p o s u r e  t i m e s .
3 .2  P r e d i c t i o n  o f  E v a p o r a t i o n  R a te s  u s i n g  t h e  S u r f a c e  R enew al Mo d e 1
C o n s id e r  a  p l a n e  l i q u i d - v a p o u r  i n t e r f a c e  w i t h  t h e  p h a s e s  i n  e q u i l i b r i u m .
L e t  t h e  l i q u i d  b u l k  t e m p e r a t u r e  b e  T^ an d  l e t  t h e  p r e s s u r e  a c t i n g  on t h e
s u r f a c e  b e  P, .b
S uppose  now t h a t  t h e  p r e s s u r e  a c t i n g  on t h e  l i q u i d  s u r f a c e  i s  now s u d d e n ly  
r e d u c e d  a t  t im e  t  = 0 t o  a v a l u e  w i t h  c o r r e s p o n d i n g  s a t u r a t i o n  t e m p e r a t u r e  
"^sat t h a t  T^^^ < T^. The l i q u i d  i s  t h e r e f o r e  t a k e n  s u d d e n ly  i n t o  a
m e t a s t a b l e  s t a t e .
T h i s  s i t u a t i o n  can  b e  p i c t u r e d  i n  t h e  fo rm  o f  F ig  3 . 1 .
m
A f
I V A P O U R  P2
____ I s
A  j A  q .
‘ iI I I j a U i D  Tb
f  !
FIG. 3 4  EVAPORATION
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The s y s te m  w i l l  r e t u r n  t o  an e q u i l i b r i u m  s t a t e  by e v a p o r a t i o n  o f
l i q u i d  a t  some mass r a t e  m^ p e r  u n i t  a r e a ,  a t  t im e  t .
H eat  t r a n s f e r  t a k e s  p l a c e  a t  a  r a t e  q ^  fr-om t h e  b u l k  l i q u i d  t o  t h e  i n t e r f a c e
s u r f a c e  an d  t h e n  i n t o  t h e  b u l k  v a p o u r .  The h e a t  t r a n s f e r  p r o c e s s  t o  t h e  s u r f a c e
i s  assum ed  t o  b e  due t o  a  l a t e r a l  f l u x  m o t io n  o f  e n t i t i e s  a t  a  c o n s t a n t  r a t e  G .m
F o r  e n e r g y  b a l a n c e  a t  t h e  s u r f a c e
' i g ' * ' i h g  = A  . . . . . ( 3 . 1 )
and  = U(T^ -  T ^ )  '
w here  U i s  t h e  t o t a l  h e a t  t r a n s f e r  c o e f f i c i e n t .
I f  t h e  v a p o u r  i s  w e l l  m ix ed  an d  t h e  h e a t  l o s s e s  f ro m  t h e  v a p o u r  a r e  s m a l l  
t h e n  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  v a p o u r  p h a s e  may b e  n e g l e c t e d  i . e .  q^ = 0 .
h  '  h a t -
The t o t a l  h e a t  t r a n s f e r  c o e f f i c i e n t  U may b e  w r i t t e n  as
1 1 1  w h e re  h_^  = h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  l i q u i d  p h a s e ,
Ü  " t q  + h -
® ~ t r a n s f e r  c o e f f i c i e n t  f o r  l i q u i d  v a p o u r
i n t e r f a c e .
Whence ( 3 . 1 )  may b e  w r i t t e n  a s
m. = -  ? s a t )t  hj-
f g
E u =  (3.2)
s
-  h a t ’
The f u n c t i o n  x^ i s  c o n s t a n t  i f  t h e  l i q u i d  b u lk  t e m p e r a t u r e  d o es  n o t  v a r y .
In  t h i s  p r e s e n t a t i o n  i t  w i l l  be  a ssum ed  t h a t  t h e  mass o f  v a p o u r  e v o lv e d  i s  much
l e s s  t h a n  t h e  mass o f  l i q u i d  an d  so  x ^  may be  c o n s i d e r e d  c o n s t a n t .
The h e a t  t r a n s f e r  c o e f f i c i e n t  h , and  h m ust now b e  e v a l u a t e d .  When t h et  8
s u r f a c e  r e n e w a l  fo rm  i s  u s e d  f o r  h_^, t h e  e x p r e s s i o n  f o r  t h e  h e a t  t r a n s f e r  c o e f f i c i c  
i s  fo u n d  by c a l c u l a t i n g  i n s t a n t a n e o u s  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  i n d i v i d u a l  
e n t i t i e s  and  w e ig h in g  t h e s e  by  a  s u r f a c e - a g e  d i s t r i b u t i o n  d ( t )  t o  g i v e :
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h = h =
k p  /  t  2
7T
^Kt ) d t
f  ? 5 ( t ) d t  o
( 2 . 7 )
B eca u se  t h e  d i s t r i b u t i o n  i s  a v e r a g e d  o v e r  an  i n f i n i t e  t i m e  sp a n  an d  t h e  
s y s te m  i s  s u p p o s e d  t o  b e  i n  a  s t e a d y  s t a t e ,  e q u a t i o n  ( 2 . 7 )  g i v e s  a  s t e a d y  
s t a t e  v a l u e  e q u a t i o n  ( 2 . 8 a ) .
I f ,  h o w e v e r ,  h e a t  t r a n s f e r  t a k e s  p l a c e  o n ly  o v e r  a  s h o r t  e x p o s u r e  t im e  
i n t e r v a l ,  s a y  fro m  t  = 0  t o  t  = x ,  t h e n  c l e a r l y  t h e  i n t e g r a l s  i n  e q u a t i o n  
c a n n o t  h a v e  i n f i n i t e  u p p e r  l i m i t s .
F u r t h e r ,  i f  t h e  e x p o s u r e  t im e  i s  l e s s  t h a n  t h e  mean e n t i t y  l i f e  a t  t h e  
s u r f a c e ,  e q u a t i o n  ( 2 . 9 ) ,  t h e n  t h e  i n t e g r a l  w i l l  g i v e  n o t  a  s t e a d y  s t a t e  
v a l u e  b u t  an  i n s t a n t a n e o u s  v a l u e  o f  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  a t  age 




w i t h  h = h f o r  x , _X 6
/  t  ■ $((t ) d t  o______________
^ ? f ( t ) d t  
<
( 3 . 3 )
m
h o w ev er  h h a s  x “T
From e q u a t i o n  ( 2 . 4 )
« t )  = ^  e x p ( -  J  t )
and  s u b s t i t u t i n g  f o r  ?S(t) i n  e q u a t i o n  ( 3 . 3 )
e
( 2 . 4 )
kpC  ^ f t  2 e x p ( -  t ) d t  q_______  po
/  e x p ( - ^ )  d t
( 3 . 4 )
t e rm s  o f  t h e  form  /  t   ^ e x p ( -  t ) d t  a r e  d i f f i c u l t  t o  e v a l u a t e  a n a l y t i c a l l v
I f  h o w ev er  v a l u e s  o f  x a r e  c o n s t r a i n e d  su c h  t h a t  x << ^  ( e x p o s u r e  t im e  l e s s
t h a n  mean t im e  a t  s u r f a c e  f o r  e n t i t i e s )  t h e n  (3 4 )  can  be a p p r o x im a te d  a s  
kp 2
 ( 3 . 5 )
TTt
F o r  h^ t h e  fo rm  o f  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  l i q u i d - v a p o u r  i n t e r f a c e s
u s e d  i s
u -  1 .
s  r-—  s a t  f g ( 3 . 6 )
-AR.
T h i s  fo rm  h a s  b e e n  u s e d  by many a u t h o r s  e . g .  S i l v e r  (5 8 ) an d  J a m ie s o n  (57). 
h ^
fro m  C l a u s i u s - C l a p e y r o n .Now ("3^^ . TFTv^
s a t  f g
S u b s t i t u t i n g  f o r  h^ an d  h^ i n  ( 3 . 2 )
•  - 7 s  |7 &
^ " t  C  " T T t
__JE______
2 |  2 k P C  R T p  T V
 ( 3 . 7 )
The mean v a l u e  o f  m o v e r  t h e  p e r i o d  t  = 0 t o  t  = T i s  g i v e n  by
m = i  T d t . ( 3 . 8 )
So m =
k p C & T/  , i  '^dt - . . . _
2 | 2kpC RT2 Tv^
-1 L P ' , f g
 ( 3 . 9 )
E q u a t i o n  ( 3 . 8 )  i s  r a t h e r  u n w ie ld y  b u t  f o r t u n a t e l y  t h e  te rm
2 | k p C  RT'I 2 T . v  h
can  b e  shown t o  b e  s m a l l  f o r  w a t e r  s u b s t a n c e  even
a t  s h o r t  e x p o s u r e  t i m e s .  The p r o p e r t i e s  d e f i n i n g  t h e  t e r m  w i t h  t h e  e x c e p t i o n  
o f  T an d  a r e  n o t  g r e a t l y  a f f e c t e d  by p r e s s u r e  o r  t e m p e r a t u r e .
h  - 4
F o r  exam ple  a t  1 b a r  p r e s s u r e  a n d  100 r — ? — -n-
h  t  +=
h  ^  ^ 1 0 ” ^
w h i l e  f o r  10 b a r  p r e s s u r e  and  170 = —-'a------
*'s t"-=
Hence f o r  e v a p o r a t i o n  w i t h  e x p o s u r e  t i m e s  g r e a t e r  t h a n  10 s e c  -j— < 0 .0 1 ,  
T h e r e f o r e  e q u a t i o n  ( 3 . 9 )  can  b e  s i m p l i f i e d  f o r  w a t e r  s u b s t a n c e  t o  g i v e
m = 7 e
t C
k p C  1 
P
T _ i
I  t  2 d t  
o
4x_ k p C
TTT
( 3 . 1 0 )
E q u a t i o n s  ( 3 . 9 )  an d  ( 3 . 1 0 )  a r e  d e r i v e d  u s i n g  t h e  s u r f a c e  r e n e w a l  h e a t  
t r a n s f e r  c o e f f i c i e n t  a p p r o p r i a t e  t o  a  p l a n e  i n t e r f a c e .  I f  t h e  e v a p o r a t i o n
r a t e  i s  t c  be c a l c u l a t e d  f o r  a  c y l i n d r i c a l  s u r f a c e  t h e n  t h e  d i s c u s s i o n  o f  
s e c t i o n  2.H shows t h a t  t h e  u s e  o f  e q u a t i o n s  ( 3 . 9 )  an d  ( 3 . 1 0 ) i s  f u l l y  g r a t i f i e d .
3 .3  A p p l i c a t i o n  t o  t h e  C a l c u l a t i o n  o f  C o n d e n s a t io n  R a te s
The t h e o r e t i c a l  m o d e l  p r e s e n t e d  i n  s e c t i o n  3 .2  can  b e  r e a d i l y  a d a p te d  t o  
t h e  p r e d i c t i o n  o f  c o n d e n s a t i o n  r a t e s .
Once a g a in  a  p l a n e  l i q u i d - v a p o u r  i n t e r f a c e  i s  c o n s i d e r e d  w i t h  t h e  p h a s e s  i n  
e q u i l i b r i u m .  The l i q u i d  and  v a p o u r  a r e  a t  t e m p e r a t u r e  T^ an d  t h e  p r e s s u r e  a c t i n g  
on t h e  s u r f a c e  i s  P^ . I f  t h e  s a t u r a t i o n  t e m p e r a t u r e  o f  t h e  v a p o u r  p h a s e  i s  T^ t h e n  
i f  t h e  p r e s s u r e  on t h e  s u r f a c e  i n c r e a s e s  t o  some v a p o u r  w i l l  c o n d e n s e .
T h i s  s i t u a t i o n  can  be  i d e a l i s e d  a s  F i g .  3 . 2 ,  u s i n g  t h e  same n o t a t i o n  a s  
i n  S e c t i o n  3 , 2 .
m V A P O U R  P,  h
ÏO > n  > Tt,
L I Q U I D  R, Th
s „ + m
Once more a  f l u x  i n  xhe l i q u i d  p h a s e  p ro d u c e s  t h e  h e a t  t r a n s f e r  e f f e c t s  
f rom  t h e  s u r f a c e ,
On t h i s  i d e a l i s a t i o n  t h e  e n e r g y  b a l a n c e  a t  t h e  s u r f a c e  i s  g iv e n  as
and
( 3 . 1 )
I f  t h e  t e m p e r a t u r e  g r a d i e n t  i n  t h e  v a p o u r  p h a s e  i s  n e g l e c t e d  t h e n  t h e  
d e r i v a t i o n  u s i n g  t h e  s u r f a c e  r e n e w a l  fo rm  o f  h e a t  t r a n s f e r  c o e f f i c i e n t  p r o c e e d s  
e x a c t l y  t h e  same way as  t h e  d e r i v a t i o n  i n  s e c t i o n  3 .2  an d  t h e  c o n d e n s a t i o n  r a t e  
i s  g iv e n  by e q n . ( 3 . 9 )  o r  ( 3 . 1 0 ) .
-4F o r  e x p o s u r e  t im e s  g r e a t e r  t h a n  a b o u t  1 0  s e c s ,  f o r  w a t e r  t h e  c o n d e n s a t i o n  




irt ( 3 . 1 0 )
w i t h
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3 .4  D i s c u s s i o n  o f  t h e  Model
A lth o u g h  t h e  p r e d i c t i o n s  o f  t h e  m odel p r e s e n t e d  i n  s e c t i o n s  3 .2  and  3 .3  
w i l l  b e  co m p ared  w i t h  e x p e r i m e n t a l  d a t a  i n  s e c t i o n  3 . 5 ,  c e r t a i n  f e a t u r e s  an d  
a s s u m p t io n s  o f  t h e  m odel s h o u l d  be d i s c u s s e d  b e f o r e  t h e  p r e d i c t i o n s  a r e  
s u b j e c t e d  t o  s u c h  c o m p a r i s o n s .
F i r s t l y ,  t h e  fo rm  g iv e n  f o r  t h e  a v e r a g e  m ass t r a n s f e r  r a t e  by  e q u a t i o n  ( 3 . 9 )  
t e n d s  t o  a  l a r g e  c o n s t a n t  v a l u e  a s  t h e  e x p o s u r e  t im e  d e c r e a s e s .  I f  t h e  s i m p l i f i e d  
fo rm  o f  t h e  p r e d i c t i v e  e q u a t i o n ,  e q u a t i o n  ( 3 . 1 0 ) ,  i s  t o  b e  u s e d  t h e n  t h i s  
s i m p l i f i e d  fo rm  w i l l  o n l y  g i v e  a c c u r a t e  p r e d i c t i o n s  f o r  e x p o s u r e  t i m e s  g r e a t e r  
t h a n  a  l i m i t i n g  e x p o s u r e  t i m e .  I f  ( 3 . 1 0 )  i s  t o  b e  u s e d  t h e n  t h e  a s s u m p t io n  t h a t  
t h e  i n t e r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  l a r g e  m ust b e  c a r e f u l l y  e x a m in e d .
S e c o n d ly ,  t h e  a p p r o x im a t i o n s  i n t r o d u c e d  i n  e v a l u a t i n g  t h e  i n t e g r a l s  i n  
e q u a t i o n  ( 3 . 4 )  can  b e  show n , by  e x p a n d in g  t e r m s ,  t o  i n t r o d u c e  a  t e n d e n c y  f o r  
e q u a t i o n s  ( 3 . 9 )  an d  ( 3 . 1 0 )  t o  o v e r p r e d i c t  a t  l o n g  e x p o s u r e  t i m e s .  T h i s  e r r o r  
c o u ld  b e  r e d u c e d  by  i n t r o d u c i n g  some n u m e r i c a l  s o l u t i o n  f o r  t h e  e v a l u a t i o n  
o f  t h e  i n t e g r a l s  i n  ( 3 . 4 ) ,
T h i r d l y ,  t h e  d e r i v a t i o n s  i n  s e c t i o n s  3 .2  and  3 ,3  i g n o r e  t h e  e f f e c t  o f  
t e m p e r a t u r e  g r a d i e n t s  and  c o n s e q u e n t l y , h e a t  t r a n s f e r  i n  t h e  v a p o u r  p h a s e  
w i l l  c e r t a i n l y  o c c u r  i n  t h e  c a s e  o f  e v a p o r a t i o n  i t  w o u ld  seem t h a t  t h e  m ode l  
s h o u l d  o v e r p r e d i c t  e v a p o r a t i o n  r a t e s .
~  v-i B * •
C r i t i c a l  f l a s h i n g  f lo w  r a t e s  a t  low q u a l i t i e s  a r e  t y p i c a l l y  i n  t h e  r e g i o n
il 2 2o f  10 kg/m s  t o  2 .5  X 10 kg/m  s  so  t h a t  t h e  r e s i d e n c e  t i m e  o f  t h e  l i q u i d
~3p h a s e  i n  p a s s a g e  o f  l e n g t h  10 cm i s  o f  o r d e r  10 s e c o n d s . Hence 3 f  t h e  
m odel s e t  o u t  i n  s e c t i o n s  3 .2  an d  3 . 3  i s  t o  be  u s e d  t o  p r e d i c t  q u a l i t i e s  
i n  a  m odel o f  tw o - p h a s e  f l a s h i n g  f l o w ,  i t  m ust b e  shovm t o  b e  a p p l i c a b l e  
f o r . e x p o s u r e  t i m e s  i n  t h e  r a n g e  5 x  10 ^ s e c o n d s  t o  5 x  10  ^ s e c o n d s .
In  t h e  n e x t  s e c t i o n  t h i s  m o d e l  i s  com pared  w i t h  e x p e r i m e n t a l  d a t a  f o r  
e v a p o r a t i o n  an d  c o n d e n s a t i o n  r a t e s  a t  e x p o s u r e  t i m e s  i n  t h e  r e q u i r e d  r a n g e .
3 . 5  C om parison  o f  T h e o r e t i c a l  P r e d i c t i o n s  w i th  E x p e r im e n ta l  D a ta
I n  s e c t i o n s  3 .2  an d  3 . 3 ,  e q u a t i o n s  ( 3 . 9 )  and  ( 3 , 1 0 )  w e re  d e r i v e d ,  u s i n g  
t h e  s u r f a c e  r e n e w a l  m o d e l ,  t o  p r e d i c t  e v a p o r a t i o n  an d  c o n d e n s a t i o n  r a t e s .
T hese  p r e d i c t i v e  e q u a t i o n s  can  h a v e  n o  v a l u e  u n l e s s  t h e  p r e d i c t e d  mass t r a n s f e r  
r a t e s  can  b e  shown t o  b e  i n  a g r e e m e n t  w i t h  e x p e r i m e n t a l  d a t a .  S in c e  t h i s  t h e s i s  
i s  c o n c e rn e d  p r i n c i p a l l y  w i t h  c r i t i c a l  f l a s h i n g  f lo w s  o f  w a t e r  o n l y  e x p e r i m e n t a l  
d a t a  f o r  t h e  e v a p o r a t i o n  o r  c o n d e n s a t i o n  o f  w a te r  a t  s h o r t  t i m e  i n t e r v a l s  w i l l  
b e  ex am in ed .
Hickman e t  a l  (5 6 )  ex am in ed  t h e  e v a p o r a t i o n  and  c o n d e n s a t i o n  o f  w a te r  
from  t h e  s u r f a c e  o f  j e t s ,  a t  low t e m p e r a t u r e s  an d  p r e s s u r e s .  F i g .  3 . 3  shows 
H ick m an 's  d a t a  p l o t t e d  a g a i n s t  e q u a t i o n  ( 3 . 1 0 ) .
Hickman g i v e s  v a l u e s  f o r  b o t h  e v a p o r a t i o n  an d  c o n d e n s a t i o n  r a t e s  a t  
p r e s s u r e s  o f  o r d e r  0 .0 0 1  b a r  an d  t e m p e r a t u r e  d i f f e r e n c e s  o f  t h e  o r d e r  o f  10 °C , 
f o r  e x p o s u r e  t i m e s  i n  t h e  r a n g e  5 x 10 ^ s e c .  t o  2  x 10  ^ s e c .  From F i g .  3 .3  
i t  a p p e a r s  t h a t  e q u a t i o n  ( 3 , 8 )  g i v e s  good  a g re e m e n t  w i t h  e x p e r i m e n t  i n  t h e  c a s e  
o f  e v a p o r a t i o n  f o r  e x p o s u r e  t i m e s  o f  a b o u t  1 0  ^ s e c .  b u t  u n d e r p r e d i c t s  
c o n d e n s a t i o n  r a t e s  by  a b o u t  1 0 %.
Hickman a t t e m p t e d  t o  p r o d u c e  t h e o r e t i c a l  p r e d i c t i o n s  f o r  e v a p o r a t i o n  and  
c o n d e n s a t i o n  r a t e s . I n  t h i s  c a s e  t h e  i n s t a n t a n e o u s  m ass t r a n s f e r  r a t e  was 
d e f i n e d  by  an  e q u a t i o n  s i m i l a r  t o  e q u a t i o n  ( 3 . 2 )  v i z .
m. ~  ( 3 . 2 )
P f
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THEORETICAL EQN. (3 .10)  —  
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3.3. C o m p ar iso n  o f  pred ic t ions  of  e 
Hickmans d a t a .
• -*39-
t h e  t im e  a v e r a g e o f  an i n s t a n t a n e o u s  h e a t  t r a n s f e r  c o e f f i c i e n t  o f  t h e  e q u a t i o n  
( 2 . 6 ) ,




w i t h  T = e x p o s u r e  t i m e ,
a n d  Hickman d o es  n o t  j u s t i f y  t h e  u s e  o f  t h i s  fo rm .  
Whence f o r  H ic k m a n 's  f o rm .
” = /  c -  T  ; d t . . ( 3 . 1 2 )
t h i s  w i l l  g i v e  an a n a l y t i c a l  p r e d i c t i o n  f o r  t h e  a v e r a g e  mass t r a n s f e r  
r a t e  o v e r  e x p o s u r e  t im e  t o f  t h e  fo rm  o f  ( 3 . 8 ) .
m f tC [ l ï t  ( 3 . 1 0 )
Of c o u r s e  an e q u a t i o n  i d e n t i c a l  t o  ( 3 . 1 0 )  w i l l  g i v e  r e a s o n a b l e  a g r e e m e n t  
w i t h  e x p e r im e n t  b u t  H ic k m a n 's  d e r i v a t i o n  c a n n o t  b e  r e g a r d e d  a s  s a t i s f a c t o r y  
w i t h o u t  some e x p l a n a t i o n  o f  t h e  u s e  o f  ( 3 . / / )  a s  an i n s t a n t a n e o u s  v a l u e .
J a m ie s o n  ( 5 7 )  a l s o  ex a m in e d  t h e  r a t e s  o f  c o n d e n s a t i o n  o f  an a tm o s p h e re  o f  
s te a m  l a b e l l e d  w i t h  t r i t i u m  o n t o  t h e  s u r f a c e  o f  a  w a t e r  j e t .  The c o n d e n s a t i o n  
r a t e  was e v a l u a t e d  by  m e a s u r in g  t h e  r a d i o a c t i v i t y  i n  w a t e r  c o l l e c t e d  from  t h e  
w a t e r  j e t .  E x p e r im e n ts  w e re  c a r r i e d  o u t  o v e r  a  r a n g e  o f  s t e a m  p r e s s u r e s  from
0 .1 8 5  b a r  t o  0 .9 8  b a r  w i t h  t e m p e r a t u r e  d i f f e r e n c e s  from  30 t o  100 °C .
-5  -*4E x p o su re  t i m e s  r a n g e d  from  2 x  10 s e c o n d s  t o  3 x 10 s e c o n d s .
By c a r e f u l  v i s u a l  o b s e r v a t i o n  o f  t h e  o p e r a t i o n  o f  h i s  a p p a r a t u s  J a m ie s o n  
was a b l e  t o  r e j e c t  t h e  p o s s i b i l i t y  o f  any  l a r g e  s c a l e  e n t r a i n m e n t  o f  s t e a m  b u b b l e s  
i n  t h e  e x p o s e d  j e t .  However t h e s e  o b s e r v a t i o n s  w o u ld  b e  l e a s t  r e l i a b l e  f o r  
t h e  s h o r t e s t  e x p o s u r e  t i m e s .
In  F i g .  3.1+ J a m i e s o n ' s  r e s u l t s  a r e  com pared  w i t h  v a l u e s  c a l c u l a t e d  from  
e q u a t i o n  ( 3 . 1 0 )  an d  i t  a p p e a r s  t h a t  w h i l e  e q u a t i o n  ( 3 . 1 0 )  u n d e r p r e d i c t s  by  a b o u t  
1 0 % f o r  e x p o s u r e  t i m e s  above  2  x  1 0  ^ s e c o n d s , t h i s  u n d e r p r e d i c t i o n  i s  much 
w o rse  a t  s h o r t e r  e x p o s u r e  t i m e s .  I f  any  e n t r a i n m e n t  t o o k  p l a c e  t h e n  i t  i s  t h e s e  
r e s u l t s  a t  s h o r t  t i m e s  w h ic h  w o u ld  b e  e x p e c t e d  t o  be  t o o  h i g h ,  h o w e v e r  e n t r a i n m e n t  
e f f e c t s  c o u ld  n o t  a c c o u n t  f o r  t h e  m a s s iv e  u n d e r p r e d i c t i o n  a p p a r e n t  i n  F i g .  3 . 4 .
INITIAL STEAM PRESSURE 0 - 9 8  
CONDENSATION AT lOX 
X EXPERIMENTAL DATA
TIC P R E u iv
INITIAL STEAM PRESSURE 0 - 1 8 5
AT Tî a OaENSAIIUN AS S O ' C  
O  EXPERIMENTAL DATA
THEORETICAL PREDICTIONtrjzai $ c z a







EXPOSURE TIME ( S E C x l O ' ^ )
iq. 3.4. C om parison  o f  ps'edictions o f  e q n . 13. i
Z W  JT  M h C M w e j B t i r e t z n i i  I  I  I  ^
w ith  d a t a  o f  Jamieson
-4U-
From t h i s  c o m p a r i s o n  o f  t h e  p r e d i c t i o n s  o b t a i n e d  from  e q u a t i o n  ( 3 . 1 0 )  
w i t h  e x p e r i m e n t a l  d a t a  i t  seem s t h a t  e q u a t i o n  ( 3 . 1 0 )  p r o v i d e s  an a c c u r a t e  
p r e d i c t i o n  m e th o d  f o r  e v a p o r a t i o n  r a t e s  on t h e  s u r f a c e  o f  l i q u i d  j e t s  f o r  
e x p o s u r e  t i m e s  i n  t h e  r a n g e  2  x 1 0  ^ s e c o n d s  t o  2 x 1 0  ^ s e c o n d s .
I n  c o n c l u s i o n  i t  w o u ld  seem t h a t  t h e  s i m p l i f i e d  p r e d i c t i v e  e q u a t i o n  ( 3 . 1 0 )  
f ro m  t h e  m o d e l  o f  c o n d e n s a t i o n  and  e v a p o r a t i o n  a t  s h o r t  e x p o s u r e  t i m e s  d e r i v e d  
fro m  t h e  s u r f a c e  r e n e w a l  t h e o r y  i n  t h i s  c h a p t e r  can  b e  u s e d  w i t h  some c o n f id e n c e  
p r o v i d e d  t h a t
( i )  e x p o s u r e  t i m e s  a r e  above  2 x 1 0   ^ s e c o n d s ;
( i i )  t h e  s l i g h t  o v e r p r e d i c t i o n  o f  e v a p o r a t i o n  r a t e s  i s  a c c e p t e d .
3 .6  C h a p te r  C l o s u r e
I n  t h i s  c h a p t e r  t h e  s u r f a c e  r e n e w a l  m odel h a s  b e e n  s u c c e s s f u l l y  a p p l i e d  
t o  t h e  p r e d i c t i o n  o f  e v a p o r a t i o n  an d  c o n d e n s a t i o n  r a t e s  o f  w a t e r  e x p o s e d  
t o  c h a n g e s  o f  p r e s s u r e  o r  t e m p e r a t u r e  f o r  s h o r t  t i m e s .
From t h e  d i s c u s s i o n  o f  t w o - p h a s e  f l a s h i n g  f lo w s  i n  C h a p te r  1 i t  i s  c l e a r  
t h a t  a  m echanism  f o r  t h e  p r e d i c t i o n  o f  c h a n g e s  i n  q u a l i t y  i s  n e c e s s a r y  b e f o r e  
any  m odel f o r  c r i t i c a l  f l a s h i n g  f l o w s  can  b e  f o r m u l a t e d .
I n  t h i s  c h a p t e r  a  s u i t a b l e  m eth o d  o f  p r e d i c t i o n  h a s  b e e n  d e r i v e d  an d  i n  
t h e  n e x t  c h a p t e r  t h i s  m o d e l  w i l l  b e  u s e d  i n  a  t h e o r e t i c a l  m o d e l  o f  t w o - p h a s e  
f l a s h i n g  f lo w  i n  s h o r t  p a s s a g e s .  However t h e  p r e d i c t i v e  p r o c e d u r e  o u t l i n e d  
i n  t h i s  c h a p t e r  g i v e s  e v a p o r a t i o n  ( a n d  c o n d e n s a t i o n )  r a t e s  i n  t e r m s  o f  a  m ass 
t r a n s f e r  r a t e  p e r  u n i t  a r e a .  Thus i f  e q u a t i o n  ( 3 . 1 0 )  i s  t o  b e  i n c o r p o r a t e d  
i n t o  a  m odel o f  f l a s h i n g  f lo w  i t  w i l l  b e  n e c e s s a r y  t o  d e f i n e  t h e  a r e a  o f  t h e  
l i q u i d  v a p o u r  i n t e r f a c e  b e f o r e  e q u a t i o n  ( 3 . 1 0 )  can  b e  u s e d  t o  p r e d i c t  c h a n g e s  
i n  q u a l i t y  f o r  f l a s h i n g  f l o w s .
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N o t e ; The work i n  C h a p te r  3 h a s  b e e n  s u b m i t t e d ,  i n  c o n d e n s e d  and  
s i m p l i f i e d  fo r m ,  a s  a  p a p e r  t o  b e  r e a d  a t  t h e  N .E .L .  M e e t in g  on T w o-phase  
Flow T hrough  O r i f i c e s  an d  N o z z l e s ,  29 November 1 9 7 2 .
The p a p e r  i s ,  THOMSON, G.M. ”An a p p r o a c h  t o  t h e  C a l c u l a t i o n  o f  
E q u i l i b r a t i o n  R a te s  i n  F l a s h i n g  F low ” .
T h i s  p a p e r  fo rm s  Annexe A2 t o  t h i s  t h e s i s .
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Chapter 4 ~ A Theory of Critical Flashing J’low
4 . 1  Tlie two p r e v i o u s  c h a p t e r s  h a v e  d e m o n s t r a t e d  t h e  a p p l i c a t i o n  o f  s u r f a c e  
r e n e w a l  t h e o r y  t o  t h e  p r e d i c t i o n  o f  r a t e s  o f  e v a p o r a t i o n  from  t h e  s u r f a c e s  o f
w a t e r  j e t s .  The m odel d e v e lo p e d  i n  C h a p te r  3 was shown t o  g iv e  a d e q u a te
~4 “ 3p r e d i c t i o n s  f o r  e x p o s u r e  t i m e s  i n  t h e  r a n g e  2 x 10 s e c s ,  t o  2 x 10 s e c s .
I n  t h i s  c h a p t e r  t h e  t h e o r e t i c a l  e x p r e s s i o n  f o r  e v a p o r a t i o n  r a t e s  d e v e lo p e d  
i n  C h a p te r  3 ( e q u a t i o n  3 .1 0 )  w i l l  b e  u s e d  i n  a  m odel f o r  t h e  p r e d i c t i o n  o f  
f lo w  r a t e s  i n  tw o -p h a s e  c r i t i c a l  f l a s h i n g  f lo w s  i n  s h o r t  n o z z l e s ,  ( i . e .  w i th
The m odel  d e v e lo p e d  h e r e  w i l l  p r e d i c t  t h e  v a r i a t i o n s  i n  c r i t i c a l  mass 
f lo w  r a t e  f o r
( i )  v a r i o u s  n o z z l e  e n t r a n c e  p r o f i l e s  on a  f i x e d  n o z z l e  l e n g t h  
a t  f i x e d  l i q u i d  t e m p e r a t u r e s ;
( i i )  v a r i a t i o n  o f  l e n g t h / d i a m e t e r  r a t i o s  f o r  g iv e n  e n t r a n c e  p r o f i l e s  
a t  f i x e d  l i q u i d  t e m p e r a t u r e ;
( i i i )  v a r i a t i o n  o f  l i q u i d  s u p e r h e a t  a t  n o z z l e  e n t r a n c e  f o r  f i x e d  ^  
r a t i o  and  e n t r a n c e  p r o f i l e .
I n  o r d e r  no p ro d u c e  t h i s  m o d e l ,  i t  i s  n e c e s s a r y  t o  mal^e c e r t a i n  a s s u m p t io n s  
These a s s u m p t io n s  a r e  r e v ie w e d  i n  t h e  n e x t  s e c t i o n .
4 .2  A ssu m p tio n s  u s e d  i n  Model
The a s s u m p t io n s  u s e d  i n  f o r m u l a t i n g  t h e  m odel d e v e lo p e d  i n  s e c t i o n  4 . 3
a r e  s e t  o u t  i n  t h i s  s e c t i o n .
Most o f  t h e s e  a s s u m p t io n s  a r e  b a s e d  on e x p e r i m e n t a l  e v i d e n c e  r e v ie w e d  
i n  s e c t i o n  1 . 3  o f  C h a p te r  1 and  many o f  them  have  b e e n  p r e v i o u s l y  u s e d  i n  
t h e o r e t i c a l  s t u d i e s  by o t h e r  a u t h o r s  d i s c u s s e d  i n  s e c t i o n  1 . 4 .
The a s s u m p t io n s  made a r e  b r i e f l y  d i s c u s s e d  b e lo w .
1 . Annul a r  Flow P a t t e r n
The p h a s e s  a r e  a ssu m ed  t o  f lo w  i n  a s e p a r a t e d  a n n u l a r  p a t t e r n  w i t h  a 
l i q u i d  c o re  s u r r o u n d e d  b y  an a n n u lu s  o f  v a p o u r .  B oth  p h a s e s  a r e  assum ed  t o  ■ 
b e h a v e  a s  s i n g l e - p h a s e  f l u i d s .  V i s u a l  o b s e r v a t i o n s  i n  r e f e r e n c e s  ( 4 ) , ( 1 3 ) , ( 1 4 )  
t h i o  asouuijj uiuij f u i '  shux'L n o z z l e s .  m e  u p p e r  l i m i r  r o r  t h e  u se  oj
t h e  a s s u m p t io n  b e i n g  s e t  a t  ^  = 12 a s  s u g g e s t e d  by F auske  ( 1 3 ) .
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T h is  a s s u m p t io n  was u s e d  i n  t h e  m o d e ls  o f  S i l v e r  ( 2 ) , . B a i l e y  ( 1 2 ) ,  an d  
R u sh to n  and  L e s l i e  ( 5 9 ) .
2 .  Mass T r a n s f e r  t a k e s  p l a c e o n l y  a t  t h e  s u r f a c e  o f  t h e  l i q u i d  c o r e .
T h is  a s s u m p t io n  i m p l i e s  t h a t  no mass t r a n s f e r  t a k e s  p l a c e  a s  a  r e s u l t  o f  
b u b b le  g ro w th .  The e v i d e n c e  f o r  l a c k  o f  b u b b le  g ro w th  due t o  t h e  n e c e s s i t y  
f o r  a  f i n i t e  n u c l é a t i o n  t im e  was r e v ie w e d  i n  t h e  d i s c u s s i o n  o f  r e f e r e n c e s  ( S ) ,
(6 )  an d  ( 8 ) .
T h i s  a s s u m p t io n  o f  n o  b u b b l e  g ro w th  s e t s  an  u p p e r  l i m i t  on t h e  r e s i d e n c e  
t im e  o f  t h e  l i q u i d  p h a s e  i n  t h e  f lo w  p a s s a g e .  F o r  w a t e r  a t  an u l t r a h e a t  o f  5^C 
t h e  t im e  f o r  n u c l é a t i o n  s u g g e s t e d  b y  r e f e r e n c e  (1 1 )  i s  a b o u t  5 x 10 s e c o n d s .
T h i s  a s s u m p t io n  f u r t h e r  r e s t r i c t s  t h e  m ode l  t o  c a s e s  w h e re  t h e  f lo w  u p s t r e a m  o f  
t h e  n o z z l e s  c o n s i s t s  s o l e l y  o f  s u b c o o l e d  l i q u i d .
R e f e r e n c e s  ( 2 )  and  (1 2 )  b o th  u s e d  t h i s  a s s u m p t io n  o f  v a p o u r  e v o l u t i o n  o n ly  
a t  t h e  s u r f a c e  o f  t h e  l i q u i d  c o r e .
3 . R a te s  o f  v a p o u r  e v o l u t i o n  a t  s h o r t  r e s i d e n c e  t i me s  a r e  d e s c r i b e d  by  e q n . ( 3 . 1 0 ) .
The j u s t i f i c a t i o n & r  t h i s  a s s u m p t io n  i s  g iv e n  i n  t h e  c o m p a r i s o n  w i t h  
e x p e r i m e n t a l  d a t a  o f  s e c t i o n  3 .4  i n  C h a p te r  3.
As d i s c u s s e d  i n  C h a p te r  3 t h e  u s e  o f  e q u a t i o n  ( 3 . 1 0 )  seem s p e r m i s s i b l e  
i f  t h e  r e s i d e n c e  t i m e  o f  t h e  l i q u i d  p h a s e  i s  b e tw e e n  2 x  10 ^ and  2 x  10 ^ 
s e c o n d s .  T h i s  r e s t r i c t i o n  on r e s i d e n c e  t im e  im p o ses  a  l i m i t  on  t h e  maximum 
l e n g t h  o f  n o z z l e s  t o  w h ich  t h e  t h e o r y  d e v e lo p e d  i n  t h i s  c h a p t e r  may b e  a p p l i e d .
The a p p l i c a t i o n  o f  t h i s  r e s t r i c t i o n  i s  c o n s i s t e n t  w i t h  t h e  r e s t r i c t i o n  i n t r o ­
d u ce d  by  a s s u m p t io n  2 .  However t h e  u s e  o f  e q u a t i o n  ( 3 , 1 0 )  ev e n  u n d e r  t h e s e  
c o n d i t i o n s  h a s  o n l y  b e e n  j u s t i f i e d ,  by e x p e r i m e n t a l  d a t a ,  f o r  w a t e r  s u b s t a n c e .
4 .  The s l i p  r a t i o  i s  g r e a t e r  t h a n  u n i t y .
C o n s id e r a b l e  e x p e r i m e n t a l  e v i d e n c e  e x i s t s  t o  i n d i c a t e  t h a t  t h e  s l i p  r a t i o ,
d e f i n e d  a s  t h e  r a t i o  o f  v a p o u r  p h a s e  v e l o c i t y  t o  l i q u i d  p h a s e  v e l o c i t y ,  h a s  a
v a l u e  g r e a t e r  t h a n  one f o r  c r i t i c a l  t w o - p h a s e  f lo w  s i t u a t i o n s  o f  t h e  t y p e  d i s c u s s e d
h e r e .  E v id e n c e  from  r e f e r e n c e s  ( 1 7 ) , ( 1 9 )  and  (2 0 )  w o u ld  s u g g e s t  t h a t  t h e  v a l u e
i s  o f  o r d e r  1 0 .  . __
3 / Ë I
An a n a l y t i c a l  fo rm  o f  t h e  s l i p  r a t i o  f i r s t  p r o p o s e d  b y  Zivi ( 2 9 )  v i z  /  p
à
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w i l l  b e  i n t r o d u c e d  i n t o  t h e  m odel o f  c r i t i c a l  f l a s h i n g  f l o w .  T h i s  fo rm  was 
d e r i v e d  by  Z i v i  by  m in im i s i n g  t h e  k i n e t i c  e n e r g y  f lo w  r a t e  p e r  u n i t  a r e a  f o r  
t h e  tw o -p h a s e  m i x t u r e  an d  a s s u m in g  t h a t  t h e  w a l l  f r i c t i o n  i s  n e g l i g i b l e .  N e i t h e r  
p o s t u l a t e  c o n f l i c t s  w i t h  t h e  a s s u m p t io n s  made i n  t h i s  c h a p t e r  a n d  t h e  s l i p  r a t i o  
i s  assum ed  t o  a p p l y  a t  l e a s t  a t  t h e  n o z z l e  e x i t  an d  t h e  d e n s i t i e s  u s e d  a r e  t h o s e  
f o r  e x i t  c o n d i t i o n s .
The d e r i v a t i o n  o f  t h i s  fo rm  f o r  s l i p  r a t i o  i s  g iv e n  i n  A pp en d ix  A t o  
t h i s  c h a p t e r .
5. C hoking  M echanism
The ch o k e d  o r  c r i t i c a l  f l o w  c o n d i t i o n  i s  a ssu m ed  t o  o c c u r  when t h e  v e l o c i t y  
o f  t h e  v a p o u r  p h a s e  i s  a t  t h e  l o c a l  s o n i c  v e l o c i t y  f o r  t h e  v a p o u r . I n  t h i s  c a s e
c h o k in g  i s  h e l d  t o  t a k e  p l a c e  a t  t h e  e x i t  and  t h e  s o n i c  v e l o c i t y  i s  d e f i n e d  a t
e x i t  c o n d i t i o n s .
T h i s  a s s u m p t io n  was d e m o n s t r a t e d  t o  b e  i n a d m i s s i b l e  by  b o t h  F au sk e  (3 0 )  
an d  Z a lo u d e k  (3 2 )  f o r  m o d e ls  w h ich  assum e th e rm o d y n a m ic  e q u i l i b r i u m  b e tw e e n  p h a s e s ,  
b u t  may s t i l l  b e  s u i t a b l e  f o r  n o n - e q u i l i b r i u m  m o d e l s .
E x p e r im e n ta l  e v i d e n c e  fc r  t h i s  a s s u m p t io n  i s  l a c k i n g .
6 .  V e l o c i t v  o f  t h e  l i q u i d  p h a s e  an d  r e s i d e n c e  t im e  f o r  l i q u i d  p h a s e
The l i q u i d  p h a s e  v e l o c i t y  i s  d e f i n e d  a t  t h e  e x i t  f o r  c h o k in g  c o n d i t i o n s ,
by  a s s u m p t io n s  4 an d  5 .  From c o n t i n u i t y  a rg u m e n ts  i t  can  b e  shown t h a t  t h e  v a r i a t i o i
i n  l i q u i d  v e l o c i t y  i n  t h e  n o z z l e  i s  s m a l l .  T h i s  v a r i a t i o n  w i l l  bo. n e g l e c t e d
and  t h e  r e s i d e n c e  t im e  ( t )  f o r  t h e  l i q u i d  p h a s e  w i l l  b e  t a k e n  a s  x -  “  w h e re
U i s  t h e  v a l u e  d e f i n e d  a t  t h e  e x i t ,  f
The a rg u m e n t  f o r  d i s r e g a r d i n g  v a r i a t i o n s  i n  l i q u i d  v e l o c i t y  i s  g i v e n  i n  
A ppend ix  B.
7 .  V apour c o m p l e t e l y  o c c u p i e s  t h e  r e g i o n  a b o u t  t h e  c o r e
The a s s u m p t io n  t h a t  t h e  l i q u i d  c o r e  b e h a v e s  a s  i n  s i n g l e - p h a s e  f lo w s  i m p l i e s  
t h a t  t h e  a n n u l a r  f lo w  p a t t e r n  c o u ld  b e  o b s e r v e d  w i t h o u t  an y  v a p o u r  b e i n g  e v o l v e d ,  
s i n c e  v e n a - c o n t r a c t a  e f f e c t s  a r e  s e e n  i n  s i n g l e  p h a s e  f l o w s .  H ow ever,  i f  t h e  m odel 
i s  r e s t r i c t e d  t o  c a s e s  su c h  t h a t  t h e  r a t i o  o f  l i q u i d  d e n s i t y  t o  v a p o u r  d e n s i t y  i s  
h i g h ,  t h e n  p r o v i d e d  t h e  q u a l i t y  i s  ab o v e  some lo w e r  l i m i t ,  t h e  r e g i o n  r o u n d  t h e  
l i q u i d  c o r e  can  b e  r e g a r d e d  a s  b e i n g  e n t i r e l y  f i l l e d  w i t h  v a p o u r .
F o r  w a t e r  s u b s t a n c e  t h i s  i s  t h e  c a s e  when t h e  q u a l i t y  i s  ab o v e  x = 0 . 0 0 6 .  ^
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8. The Change in Diameter of the Liquid Core due to evaporation effects is small
The u s e  o f  e q u a t i o n  ( 3 . 8 )  t o  p r e d i c t  r a t e s  o f  v a p o u r  e v o l u t i o n ,  r e q u i r e s  
some a s s u m p t io n  o f  l i q u i d - v a p o u r  i n t e r f a c i a l  s u r f a c e .  I n  t h e  c a s e  o f  t h e  f lo w  
p a t t e r n  u s e d  h e r e ,  by  i n t r o d u c i n g  a s s u m p t io n  1 ,  t h e  a r e a  o f  t h e  i n t e r f a c i a l  
s u r f a c e  w i l l  ch an g e  a s  t h e  d i a m e t e r  o f  t h e  l i q u i d  c o r e  c h a n g e s .  C l e a r l y ,  t h e n ,  
any  e v a p o r a t i o n  o f  t h e  l i q u i d  w i l l  r e d u c e  t h e  a r e a  o f  t h e  i n t e r f a c i a l  s u r f a c e .
However t h e  ch a n g e  i n  c o r e  d i a m e t e r  due t o  e v a p o r a t i o n  can  b e  shown t o  be  
s m a l l .  T h i s  a rg u m e n t  i s  g iv e n  i n  A ppend ix  B t o  t h i s  c h a p t e r .
The a s s u m p t i o n s  e n u m e r a te d  i n  t h i s  s e c t i o n  im pose  c e r t a i n  r e s t r i c t i o n s  
on t h e  u t i l i t y  o f  t h e  m odel c o n s t r u c t e d  f ro m  th em . T h ese  r e s t r i c t i o n s  may 
be  su m m ar ised  as  ;
( a )  The m odel w i l l  a p p ly  o n ly  w here  t h e  f lo w  u p s t r e a m  o f  t h e  e n t r a n c e  
c o n s i s t s  s o l e l y  o f  s u b c o o l e d  l i q u i d ,  i . e .  t h e  e n t r a n c e  q u a l i t y  i s  
z e r o .  T h i s  r e s t r i c t i o n  i s  i n t r o d u c e d  w i t h  a s s u m p t io n s  1 and  2 .
(b )  The m odel o n l y  a p p l i e s  t o  s h o r t  n o z z l e s  w here  t h e  r e s i d e n c e  t im e  
i s  l e s s  t h a n  2 x 10 s e c o n d s .  T h i s  r e s t r i c t i o n  i s  i n t r o d u c e d  i n  
a s s u m p t io n s  2 an d  3 . A ssu m p tio n  1 i n t r o d u c e d  a  r e q u i r e m e n t  t h a t  
t h e  / D i a m e t e r  r a t i o  d o es  n o t  e x c e e d  a  v a l u e  o f  1 2 ,
( c )  Use o f  t h e  m odel i s  o n l y  p o s s i b l e  w here  t h e  p r e s s u r e s  i n  t h e  
n o z z l e  s y s te m s  a r e  lo w ,  s a y  b e lo w  10 b a r  f o r  w a t e r  s u b s t a n c e ,  s i n c e  
a s s u m p t io n  1 may n o t  a p p l y  a t  t h e  h i g h e r  p r e s s u r e s . S i m i l a r l y  f o r  
a s s u m p t io n  2 t o  h o l d  i t  may b e  n e c e s s a r y  t o  r e s t r i c t  t h e  l i q u i d  
s u p e r h e a t  a t  t h e  n o z z l e  e x i t  t o  50 °C a t  l e a s t  f o r  l o n g e r  n o z z l e s .
-i!
4 . 3  A m odel o f  C r i t i c a l  T w o-phase  F l a s h i n g  Flow i n  S h o r t  N o z z le s
The a s s u m p t io n  s e t  o u t  i n  s e c t i o n  4-.2 can now b e  a p p l i e d  t o  t h e  d ev e lo p m e n t
o f  a  m odel o f  c r i t i c a l  t w o - p h a s e  f l a s h i n g  f lo w .  The r e s t r i c t i o n s  im p o sed  by
a s s u m p t io n s  1 and  3 w i l l  l i m i t  t h e  a p p l i c a t i o n  o f  t h i s  m o d e l  t o  s h o r t  n o z z l e s
w i th  ™ l e s s  t h a n  12 & an d  o v e r a l l  l e n g t h  su ch  t h a t  t h e  l i q u i d  p h a s e  r e s i d e n c e
-3t im e  i s  l e s s  t h a n  2 x 10 s e c o n d s .
C o n s id e r  some n o z z l e  o r  p a s s a g e  o f  c i r c u l a r  c r o s s - s e c t i o n .  The o v e r a l l
l e n g t h  i s  L and t h e  d i a m e t e r  o f  t h e  t h r o a t  i s  D. The e n t r a n c e  p r o f i l e  i s  su ch
t h a t  t h e  c o n t r a c t i o n  c o e f f i c i e n t  f o r  s i n g l e  p h a s e  l i q u i d  f lo w s  i s  C. The fo rm
o f  t h e  f lo w  p a s s a g e  m ust  b e  su c h  a s  t o  p e r m i t  t h e  u s e  o f  t h e  v a r i o u s  a s s u m p t io n s
made i n  s e c t i o n  4 . 2 .
The l i q u i d  and v a p o u r  p h a s e s  a r e  s e p a r a t e d  w i t h  t h e  l i q u i d  p h a s e  f l o w i n g  a s
a c e n t r a l  c o r e .  T h is  l i q u i d  c o r e  h a s  a p p r o x im a te ly  c i r c u l a r  c r o s s - s e c t i o n  w i th
a x i s  c o i n c i d i n g  w i t h  t h e  a x i s  o f  t h e  n o z z l e . The l i q u i d  v e l o c i t y  i s  U„ and  t h e
v a p o u r  v e l o c i t y  i s  U^.
From a s s u m p t io n  1 ,  t h e  f lo w  o f  t h e  l i q u i d  p h a s e  can  b e  t r e a t e d  a s  a s i n g l e
1
p h a s e  f lo w  and  s o  t h e  l i q u i d  c o r e  d i a m e t e r  j u s t  a f t e r  t h e  e n t r a n c e  i s  (C) D. 
V a lu e s  o f  C can  b e  c a l c u l a t e d  f ro m  s t r e a m l i n e  t h e o r y ,  e . g .  B a t c h e l o r  ( 6 0 ) .
V A P O U R
FIG.  4 .1 ,
The n o t i o n a l  f lo w  r a t e  o f  t h e  l i q u i d  p h a s e  i n  t h e  a b s e n c e  o f  any  e v a p o r a t i o n
from  t h e  l i q u i d  c o r e  i s  W w here
t o
" f o  =
jrCp' 
4 " ( 4 . 1 )
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The a c t u a l  f lo w  r a t e  W i n  t h e  n o p z l e  w i l l  d i f f e r  f rom  by  some am ount AW
i . e .  W *  = AW.  ( 4 . 2 )f o
AW may be r e l a t e d  t o  t h e  mass f lo w  r a t e  o f  v a p o u r  i n  t h e  n o z z l e .
F o r  s t e a d y  f l o w ,  t h e  mass f lo w  r a t e  o f  v a p o u r  a t  t h e  e x i t  i s  e q u a l  t o  t h e  
t o t a l  mass o f  v a p o u r  e v a p o r a t e d  p e r  u n i t  t im e  fro m  t h e  l i q u i d  s u r f a c e  (M).
M = ttC DLm
, -r  . r a t e  .w here  m = mean e v a p o r a t i o n  / u n i t  a r e a  o v e r
t h e  e n t i r e  n o z z l e  l e n g t h .
In  c a l c u l a t i n g  M t h e  e f f e c t i v e  d i a m e t e r  o f  t h e  l i q u i d  c o r e  i s  assum ed
t o  b e  c o n s t a n t  down t h e  l e n g t h  o f  t h e  n o z z l e .  In  f a c t  t h e  c o r e  d i a m e t e r  v a r i e s .
A ppend ix  B i n c l u d e s  a rg u m e n ts  t o  show t h a t  t h i s  v a r i a t i o n  i s  s m a l l  and may be
d i s r e g a r d e d ,  b u t  t h i s  v a r i a t i o n  i n  c o r e  d i a m e t e r  i s  c a l c u l a t e d  u s i n g  e q u a t i o n
( 4 . 3 ) .  E x a m in a t io n  o f  t h e  m a g n i tu d e s  o f  t h e  q u a n t i t i e s  i n v o l v e d  show t h a t
r
t h i s  p r o c e d u r e  i s  a c c e p t a b l e .
M i s ,  o f  c o u r s e ,  t h e  t o t a l  ch an g e  i n  t h e  v a p o u r  f l o w  r a t e ,  i . e .  AW^  = M.
At t h e  e x i t  t h e  v a p o u r  p h a s e  v e l o c i t y  i s  f i x e d  a t  a n d  t h e  d e n s i t y  i s  p 
Hence mass f l u x  M o c c u p ie s  a  c r o s s - s e c t i o n  o f  
AA =  ( 4 . y )
The i n c r e a s e  i n  c r o s s - s e c t i o n  o c c u p ie d  by  v a p o u r  r e d u c e s  t h e  c r o s s - s e c t i o n  
o c c u p ie d  b y  t h e  l i q u i d  c o r e  by an e q u a l  amount f o r  a n o z z l e  o f  c o n s t a n t  c r o s s - s e c t i c  
Hence t h e  l i q u i d  f lo w  r a t e  i s  r e d u c e d  by
PpU
-A%f ‘ P f ^ f  ^ “ p U ^ ........................ ( ^ " 5 )
g
Now AW = AW c + AW 
.P.Wf ®
= - ( ^ [ T  -   ( 4 . 6 )
g .g
S u b s t i t u t i n g  f e r  AW i n  ( 4 . 2 )
Pf'^f \
M = « f o  -  b r -  ................................ ( " . ? )
% g
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U s in g  e q u a t i o n  ( 3 . 1 0 )  f o r  m and  t a k i n g  x ~ —  w i t h  t h e  v a r i a t i o n  i n
f
d i s r e g a r d e d .
16x,
" -  F I T
g g
U
( 4 . 9 )
P
F o r  t h e  c r i t i c a l  f lo w  r a t e  o n l y  v a l u e s  f o r  l i q u i d  an d  v a p o u r  v e l o c i t i e s  n e e d  
b e  d e f i n e d .
U s in g  a s s u m p t io n  4 .
UU = U (■fs-
p f
and  U = U
g gc
S u b s t i t u t i n g  i n  ( 4 . 9 )
G -  Cp U } 1
c  f  g c ' P f  I
16x,
( - 2  ) (—  ) (— -  ,
P Sc f
 ( 4 . 1 0 )
„üg_
4.4 Discussion Model
E q u a t io n  ( 4 . 1 6 )  p r e d i c t s  t h e  mass f lo w  r a t e  a t  t h e  c h o k in g  c o n d i t i o n  
i n  t e rm s  o f  ( i )  t h e  l e n g t h  an d  thx>oat d i a m e t e r  o f  t h e  n o z z l e  an d  t h e  
" c o l d - w a t e r "  d i s c h a r g e  c o e f f i c i e n t ;
( i i )  t h e  th e rm o d y n a m ic  p r o p e r t i e s  o f  t h e  
l i q u i d  p h a s e ;
( i i i )  t h e  s o n i c  v e l o c i t y  i n  t h e  v a p o u r  p h a s e ;
( i v )  t h e  d i f f e r e n c e  b e tw e e n  t h e  l i q u i d  b u l k  t e m p e r a t u r e
a t  t h e  n o z z l e  e n t r a n c e  and  t h e  s a t u r a t i o n  t e m p e r a t u r e  
c o r r e s p o n d i n g  t o  t h e  e x i t  p r e s s u r e .
With t h e  e x c e p t i o n  o f  t h e  s o n i c  v e l o c i t y  a l l  t h e s e  p a r a m e t e r s  can  b e
V
e a s i l y  d e t e r m in e d .
The s o n i c  v e l o c i t y  c o u ld  b e  fo u n d  u s i n g  an  a n a l y t i c a l  e x p r e s s i o n  f o r  
t h e  v e l o c i t y  o f  s o u n d  i n  a  g a s .
F o r  exam ple  t h e  u s e  o f  t h e  fo rm  f o r  t h e  s o n i c  v e l o c i t y  i n  a  p e r f e c t  g a s  
w o u ld  g i v e  a c c e p t a b l e  p r e d i c t i o n s  o f  p r e s s u r e s  o f  t h e  o r d e r  o f  one a tm o s p h e re  
v i z ,  ____
/ yp
U = /fR T  = / — -  ...........( 4 . 1 7 )
So P ■
w i t h  Y = 1 . 4 ,
= l o c a l  p r e s s u r e .
0 t h e i  more s o p h i s t i c a t e d  fo rm s  c o u ld  be  u s e d  t o  g i v e  im p ro v ed  a c c u r a c y  
o r  v a l u e s  o f  s o n i c  v e l o c i t i e s  a t  t h e  r e l e v a n t  c o n d i t i o n s  c o u ld  b e  e x t r a c t e d  
from  t a b l e s  o f  p h y s i c a l  p r o p e r t i e s .
The v e l o c i t y  o f  s o u n d  i n  a  v a p o u r  i n c r e a s e s  w i t h  i n c r e a s e d  p r e s s u r e .
Thus i f  t h e  v a p o u r  v e l o c i t y  i s  r e g a r d e d  a s  b e i n g  e q u a l  t o  t h e  s o n i c  v e l o c i t y  
a t  c h o k in g  and  i f  no  p r e s s u r e  recovern r  i s  t o  t a k e  p l a c e  i n  t h e  v a p o u r  f lo w  
down t h e  n o z z l e ,  t h e n  c l e a r l y  t h e  a p p r o p r i a t e  v a l u e  o f  t h e  s o n i c  v e l o c i t y  t o  
e q u a t e  t o  t h e  v a p o u r  v e l o c i t y  i s  t h e  v a l u e  f o r  e x i t  c o n d i t i o n s .
k
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F u r t h e r  f o r  w a t e r  and  many o t h e r  s u b s te m c e s  t h e  r a t i o  o f  t h e  d e n s i t y  
o f  t h e  l i q u i d  p h a s e  t o  t h e  s a t u r a t e d  v a p o u r  d e n s i t y  d e c r e a s e s  f o r  i n c r e a s e d  
p r e s s u r e .  I f  e q u a t i o n  ( 4 . 1 4 )  i s  u s e d  t o  d e f i n e  t h e  l i q u i d  v e l o c i t y ,  t h e n  
t h i s  v e l o c i t y  w i l l  h a v e  a  minimum v a l u e  i f  t h e  s l i p  r a t i o  i s  e v a l u a t e d  a t  
t h e  n o z z l e  e x i t  c o n d i t i o n s .
To su m m a r is e ;  i f  t h e  v a l u e  o f  t h e  c r i t i c a l  mass f lo w  r a t e  i s  e v a l u a t e d  by 
u s i n g  e q u a t i o n  ( 4 . 1 6 ) ,  t h e n  e q u a t i o n  ( 4 . 1 6 )  w i l l  p r e d i c t  t h e  l o w e s t  v a l u e  o f  
m ass f lo w  r a t e  i f  t h e  v a l u e s  s u b s t i t u t e d  f o r  t h e  v a r i o u s  p a r a m e t e r s  a r e  t a k e n ,  
a t  t h e  n o z z l e  e x i t  c o n d i t i o n s  o f  p r e s s u r e  and  t e m p e r a t u r e .
I n  t h e  n e x t  s e c t i o n  t h e  mass f lo w  r a t e s  p r e d i c t e d  by  e q u a t i o n  ( 4 , 1 4 )  a r e  
com pared  w i t h  e x p e r i m e n t a l  v a l u e s  f o r  s h o r t  n o z z l e s  and  w i t h  p r e d i c t i o n s  from  
o t h e r  m o d e ls  o f  tw o - p h a s e  c r i t i c a l  f l a s h i n g  f lo w .
4 .5  C om parison  w i t h  e x p e r i m e n t a l  D a ta  and P r e v i o u s  T h e o r e t i c a l  Models
The m odel  o f  tw o -p h a s e  c r i t i c a l  f l a s h i n g  f lo w  d e v e lo p e d  i n  s e c t i o n  4 . 3  
m ust now b e  com pared  w i t h  e x p e r i m e n t a l  d a t a  b e f o r e  any  f u r t h e r  u s e f u l  d i s c u s s i o n  
o f  t h e  m ode l  can  t a k e  p l a c e .  The a s s u m p t io n s  made i n  s e c t i o n  4 .2  and  c e r t a i n  
o f  t h e  s i m p l i f i c a t i o n s  i n t r o d u c e d  i n  s e c t i o n  4 .3  r e s t r i c t  t h e  a p p l i c a t i o n  o f  
t h i s  m odel t o  c e r t a i n  t y p e s  o f  tw o - p h a s e  c r i t i c a l  f l a s h i n g  f l o w .  T hese  
r e s t r i c t i o n s  a r e  t h a t  ; ( a )  t h e  ^ ^ ^ ^ ^ ^ / d i a m e t e r  r a t i o  o f  t h e  n o z z l e  i s  l e s s
t h a n  1 2 ;
( b )  u p s t r e a m  o f  t h e  n o z z l e  e n t r a n c e  t h e  f lo w  c o n s i s t s  
s o l e l y  o f  s u b c o o le d  l i q u i d ;
( c )  t h e  m odel i s  r e s t r i c t e d  t o  l o w - p r e s s u r e  f l o w s ,  s a y  
w i t h  a  maximum u p s t r e a m . .p r e s s u r e  o f  10 b a r ,  and  w i th  
a  maximum l i q u i d  s u p e r h e a t  o f  50 °C .
C r i t i c a l  f l a s h i n g  f lo w s  h a v e  b e e n  s t u d i e d  i n  s y s te m s  w h ic h  p e r m i t  t h e  
a p p l i c a t i o n  o f  t h e  m odel p r e s e n t e d  i n  t h i s  c h a p t e r .  Such s t u d i e s  i n c l u d e  
t h e s e  o f  S i l v e r  an d  M i t c h e l l  ( 3 )  and  B u r n e l l  ( 6 1 )  f o r  n o z z l e s  w i t h  r o u n d e d  
e n t r a n c e s  ( d i s c h a r g e  c o e f f i c i e n t  0 . 9 8 )  and  o f  Z a lo u d e k  ( 4 ) ,  F a u sk e  (1 3 )  f o r  
n o z z l e s  w i th  s q u a r e  e n t r a n c e s  ( d i s c h a r g e  c o e f f i c i e n t s  cibou!: O .G ).  Tiiese
"S i -
r e f e r e n c e s  w e re  p r e v i o u s l y  r e v ie v æ d  i n  s e c t i o n  1 ,3  o f  C h a p t e r  1 .  C r i t i c a l  
f lo w  r a t e s  e x t r a c t e d  from  t h e s e  e x p e r i m e n t a l  s t u d i e s  h a v e  b e e n  p l o t t e d  
a g a i n s t  / d i a m e t e r  r a t i o s  i n  f i g u r e s  4 .2  and  4 . 3 ,  f o r  n o z z l e s  w i th
s q u a r e  o r  r o u n d e d  e n t r a n c e s  r e s p e c t i v e l y .
E q u a t io n  ( 4 . 1 6 )  h a s  b e e n  u s e d  t o  c a l c u l a t e  r a t e s  o f  c r i t i c a l  f l a s h i n g  
f lo w  f o r  t h e  a p p r o p r i a t e  e x p e r i m e n t a l  c o n d i t i o n s  and  t h e  r e s u l t a n t  v a l u e s  
a r e  p l o t t e d  as  c u r v e s  on t h e  r e l e v a n t  f i g u r e s .  The f lo w  r a t e  v a l u e s  w ere  
c a l c u l a t e d  u s i n g  p r o p e r t i e s  o f  w a t e r  s u b s t a n c e  g iv e n  i n  s t e a m  t a b l e s  (6 2 ) ,  
a  s o n i c  v e l o c i t y  v a l u e  o f  405 m / s ,
From f i g u r e  4 . 3 ,  t h e  c u r v e  drawn from  e q u a t i o n  ( 4 . 1 6 )  shows good a g re e m e n t  
w i t h  t h e  e x p e r i m e n t a l  p o i n t s  o f  S i l v e r  and  M i t c h e l l ,  h o w e v e r ,  i n  f i g  4 . 2 ,  
a l t h o u g h  t h e  m odel c e r t a i n l y  p r e d i c t s  t h e , c o r r e c t  o r d e r  o f  m a g n i tu d e  f o r  t h e  
c r i t i c a l  f lo w  r a t e ,  i t  d o es  n o t  a p p e a r  t o  s u c c e s s f u l l y  p r e d i c t  t h e  v a r i a t i o n  
o f  f lo w  r a t e  w i t h  / d i a m e t e r  r a t i o .
One p o s s i b l e  r e a s o n  f o r  t h i s  f a i l u r e  may b e  d ed u c ed  b y  n o t i n g  t h a t  t h e  
e x p e r i m e n t a l  r e s u l t s  i n  ( 4 )  and  (1 3 )  a r e  t a k e n  a t  h i g h e r  p r e s s u r e s  and  t e m p e r a ­
t u r e s  t h a n  r e f e r e n c e s  ( 3 )  and  ( 6 1 ) ,  The o v e r p r e d i c t i o n  o f  e q u a t i o n  ( 4 . 1 5 )  
a t  l a r g e r  ^/D  r a t i o s  may t h u s  b e  due t o  t h e  o n s e t  o f  b u b b le  f o r m a t i o n  a t  
l o w e r  ^ /D  r a t i o s  t h a n  e x p e c t e d .  The e x p e r i m e n t a l  r e s u l t s  f rom  r e f e r e n c e s
( 4 )  and  ( 1 3 )  a l s o  show a  c o n s i d e r a b l e  s p r e a d  s o  t h e  e x p e c t e d  e r r o r s  a s s o c i a t e d  
w i t h  t h e s e  r e s u l t s  c o u ld  b e  r a t h e r  l a r g e r  t h a n  t h e  e r r o r  l i m i t s  c l a im e d  b y  t h e  
a n c h o r s  i n  t h e  o r i g i n a l  r e f e r e n c e s .
S in c e  many o t h e r  t h e o r e t i c a l  s t u d i e s  o f  tw o -p h a s e  c r i t i c a l  f l a s h i n g  f lo w  
u s e  a t  l e a s t  some o f  t h e  a s s u m p t io n s  l i s t e d  i n  s e c t i o n  4 , 2 ,  t h e o r e t i c a l  
p r e d i c t i o n s  from  t h e s e  m o d e ls  u n d e r  t h e  a p p r o p r i a t e  c o n d i t i o n s  h a v e  a l s o  b een  
drawn on f i g u r e s  4 .2  and  4 . 3  f o r  t h e  p u r p o s e s  o f  c o m p a r i s o n  w i t h  t h e  p r e d i c t i o n s  
o f  e q u a t i o n  ( 4 . 1 6 ) .
The m o d e ls  ex am in ed  a r e  t h o s e  o f  S i l v e r  ( 2 ) ,  B a i l e y  ( 1 2 ) ,  Henry and  
F au sk e  ( 2 6 )  and  Moody ( 2 8 ) ,  A l l  t h e s e  m o d e ls  Were d i s c u s s e d  i n  s e c t i o n  1 .4  
o f  c h a p t e r  1 b u t  f o r  t h e  p u r p o s e s  o f  t h i s  c h a p t e r  t h e  m ain  a s s u m p t io n s  o f






















FIG.  4 . 2 .  COMPARISOM OF PREDICTIONS F O R  N O Z Z L E S  
WITH SQ UAR E E N T R A N C E S .  
[d i s c h a r g e  C O E F F I C I E N T -  0 - 6 3 ]
A  DATA OF Z A L O U D E K  ( 4 )
MAX.  UPST REAM P R E S S U R E  7  B A R
■ TE MP E R A TU R E I Ô 0 ° C
O  DATA OF F A U S K E
MAX.  U P S T R E A M  P R E S S U R E  7  BAR
T E M P E R A T U R E  1 6 0 ° C




^ / d R A T I O
FIG. 4 . 3 . COMPARISON OF PREDICTIONS FOi 
WITH ROUNDED EN TR AN C ES.  
g)ISCHARGE C 0 E F F I C I E N T « 0 4 8 ]
NOZZLES
f  D A T A  O F  S I L V E R  & M I T C H E L L  ( s )  
M A X .  U P S T R E A M  P R E S S U R E  5 - 6  B A R  
T E M P E R A T U R E  1 4 0 ^ * 0
O  D A T A  OF B U R N E L L  ( O l )
. M A X .  U P S T R E A M  P R E S S U R E  4  B A R  
T E M P E R A T U R E  1 4 0 ^ 0
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Mo d e l
( a )  S i l v e r  ( ? )
F3.0W P a i : t e r n  S l i p - R a t i o
A n n u la r  U n i ty
C a l c u l a t i o n  o f  Qua l i t ^  
C a l c u l a t i o n  o f  h e a t  
t r a n s f e r  f ro m  l i q u i d  c o r e  
( N o n - e q u i l i b r i u m )
( b )  B a i l e y  (1 2 ) A n n u la r U n i ty S e m i - e m p i r i c a l  c a l c u l a t i o n
( N o n - e q u i l i b r i u m )
( c )  Moody (2 8 ) A n n u la r Assumes th e rm o d y n am ic  
e q u i l i b r i u m  b e tw e e n  p h a s e s
( d )  F au sk e  and  
H enry  (2 6 )
D i s p e r s e d  M ix tu r e  U n i ty  
( b u t  s u r f a c e  a r e a  
u n d e f i n e d ) .
U ses  s e m i - e m p r i c a l  
c o n s t a n t  t o  a d j u s t  v a l u e  
d e r i v e d  a s su m in g  th e rm o ­
dynam ic  e q u i l i b r i u m .
The m odel p r e s e n t e d  i n  t h i s  c h a p t e r  i s  s i m i l a r  i n  many r e s p e c t s  t o  t h o s e  
o f  S i l v e r  ( 2 )  and o f  B a i l e y  ( 1 2 ) ;  d i f f e r i n g  m ost m a rk e d ly  i n  t h e  c h o i c e  o f  
s l i p  r a t i o  v a l u e .  T h ese  m o d e ls  g i v e  p r e d i c t i o n s  o f  t h e  v a r i a t i o n  o f  mass 
f lo w  r a t e  w i t h  /D r a t i o  w h ich  com pare  f a v o u r a b l y  w i t h  t h e  d a t a  o f  r e f e r e n c e
( 3 )  a s  p l o t t e d  i n  F ig  4 . 3 .  R e f e r e n c e  ( 1 2 )  shows a  l i n e a r  v a r i a t i o n  w h ich  does  
n o t  f i t  t h e  d a t a  f o r  v a l u e s  o f  ^/D  above  6 ,  b u t  r e f e r e n c e  ( 2 )  . g iv e s  an e x c e l l e n t  
f i t  f o r  a l l  t h e  d a t a  p l o t t e d  i n  F i g  4 . 3 .
The fo rm  o f  S i l v e r ' s  m odel ( 2 )  c o n f i n e s  i t s  u se  t o  n o z z l e s  w i t h  d i s c h a r g e  
c o e f f i c i e n t s  c l o s e  t o  u n i t y  and  so  t h i s  m odel c a n n o t  b e  u s e d  t o  p r e d i c t  c r i t i c a l  
f lo w  r a t e s  f o r  n o z z l e s  w i t h  s q u a r e  e n t r a n c e s ,  h o w ev er  r e f e r e n c e  (1 2 )  can  b e  
u s e d  t o  g i v e  su c h  p r e d i c t i o n s .  T h is  m o d e l  seems t o  o v e r p r e d i c t  c r i t i c a l  m ass
f lo w  r a t e s  and  . f a i l s  t o  p r e d i c t  t h e  v a r i a t i o n  o f  c r i t i c a l  f lo w  r a t e  w i t h
l e n g t h  ./ d i a m e t e r  r a t i o .
The m o d e ls  o f  Henry and  F au sk e  (2 6 )  and  Moody ( 2 8 )  g i v e  p r e d i c t i o n s
w h ich  show p o o r  a g re e m e n t  w i t h  e x p e r i m e n t a l  d a t a .  R e f e r e n c e  (2 6 )  d o es  p r e d i c t  
t h e  m a g n i tu d e  o f  t h e  c r i t i c a l  f lo w  r a t e  a t  s m a l l  v a l u e s  o f  ^/D  b u t  shows no 
v a r i a t i o n  o f  c r i t i c a l  f lo w  r a t e  w i t h  ^ /D  r a t i o .  The a u t h o r s  o f  r e f e r e n c e  ( 2 6 ) ,  
h o w e v e r ,  d i d  h a v e  r e s e r v a t i o n s  c o n c e r n i n g  t h e  a p p l i c a t i o n  o f  t h e i r  m odel t o  
t h e  c r i t i c a l  f lo w  s i t u a t i o n s  ex a m in e d  h e r e .
P r e d i c t i o n s  from  r e f e r e n c e  (2 8 )  a r e  e x t r e m e l y  p o o r .  The m odel  d o es  n o t  
a l l o w  f o r  v a r i a t i o n  o f  flow r a t e  w i t h  ^ /D  r a t i o  o r  f o r  v a r i a t i o n  w i t h  d i f f e r i n g  
n o z z l e  e n t r a n c e .  The p r e d i c t e d  c r i t i c a l  f lo w  r a t e s  f o r  s q u a r e  e n t r a n c e s  a r e  
some 30% t o o  low .
To su m m ar ise  t h i s  c o m p a r i so n  o f  t h e  p r e d i c t e d  c r i t i c a l  f lo w  r a t e s  o b t a i n e d  
from  t h e  m o d e ls  o f  r e f e r e n c e s  ( 2 ) , ( 1 2 ) , ( 2 6 )  and  (2 8 )  w i t h  t h e  p r e d i c t i o n s  o f  
e q u a t i o n  ( 4 . 1 6 ) ,  a n d  e x p e r i m e n t a l  d a t a ,  i t  seems t h a t  n e i t h e r  r e f e r e n c e  (2 6 )  
n o r  ( 2 8 )  o f f e r  even  c o m p a r a b le  a c c u r a c y  o f  p r e d i c t i o n  w h i l e  b o t h  r e f e r e n c e  (2 )  
an d  r e f e r e n c e  (1 2 )  can  o f f e r  w o r th w h i l e  p r e d i c t i o n  o f  c r i t i c a l  f lo w  r a t e s .
However ( 1 2 )  c e r t a i n l y  d o es  n o t  show t h e  c o r r e c t  form  o f  v a r i a t i o n  o f  c r i t i c a l  
■ f lo w  r a t e  w i t h  ^ /D  r a t i o .  R e f e r e n c e  ( 2 )  i s  r e s t r i c t e d  t o  n o z z l e s  w i t h  ro u n d e d  
e n t r a n c e s ,  b u t , c o u l d ,  p r e s u m a b ly ,  b e  e a s i l y  a d a p t e d  t o  p r o v i d e  p r e d i c t i o n s  f o r  
o t h e r  e n t r a n c e  s h a p e s . P r e d i c t i o n s  from  t h i s  m odel show v e r y  good a g r e e m e n t  
w i t h  e x p e r i m e n t a l  v a l u e s  o f  t h e  c r i t i c a l  f lo w  r a t e s .  Thus w h i l e  t h e  p r e d i c t i o n s  
o f  e q u a t i o n  ( 4 . 1 6 )  a r e  c e r t a i n l y  b e t t e r  t h a n  t h o s e  o f  r e f e r e n c e  ( 1 2 ) ,  o r  (2 6 )  
and ( 2 8 ) ,  e q u a t i o n  ( 4 . 1 6 )  p r o d u c e s  no b e t t e r  p r e d i c t i o n s  t h a n  S i l v e r ' s  m odel ( 2 ) .  
How ever, S i l v e r ' s  m o d e l  r e q u i r e s  an  i t e r a t i v e  p r o c e s s  f o r  t h e  c a l c u l a t i o n  o f  
c r i t i c a l  f lo w  r a t e s  and  s o  e q u a t i o n  ( 4 . 1 6 )  may be  p r e f e r r e d .
In  g e n e r a l  e q u a t i o n  ( 4 . 1 6 )  w ould  seem t o  o f f e r  an  a c c u r a t e  m ethod  o f  
p r e d i c t i n g  r a t e s  o f  t w o - p h a s e  c r i t i c a l  f l a s h i n g  f l o w ,  w i t h i n  t h e  l i m i t a t i o n s  
im p o sed  by  t h e  a s s u m p t io n s  u s e d  i n  d e v e l o p i n g  t h e  t h e o r e t i c a l  m o d e l .
U s in g  e q u a t i o n  ( 4 . 1 6 )  i t  i s  p o s s i b l e  t o  p ro d u c e  v a l u e s  o f  c r i t i c a l  f l a s h i n g  
f lo w  r a t e  o f  w a t e r  w h ic h ,  when com pared  w i th  e x p e r i m e n t a l  d a t a ,  c o r r e c t l y  
p r e d i c t  t h e  v a r i a t i o n  o f  f lo w  r a t e  w i t h .
( i )  v a r y i n g  ^/D r a t i o  f o r  f i x e d  e n t r a n c e  p r o f i l e  
and  t e m p e r a t u r e ,
( i i )  c h a n g e s  o f  n o z z l e  e n t r a n c e  p r o f i l e ;
( i i i )  v a r i a t i o n  o f  l i q u i d  t e m p e r a t u r e .
By c o m p a r in g  t h e  p r e d i c t i o n s  f o r  t h e s e  v a r i a t i o n s  o f  o t h e r  t h e o r e t i c a l  
m o d e l s ,  i t  i s  c l e a r  t h a t  e q u a t i o n  ( 4 . 1 6 )  g i v e s  t h e  b e s t  p r e d i c t i o n  m echanism  
o v e r  t h e  r a n g e  o f  e x p e r i m e n t a l  v a l u e s  ex a m in e d .
4 . 6  Review o f  T h e o r e t i c a l  Work i n  C h a p te r s  2 ,  3 and  4 ,
The t h e o r e t i c a l  m odel d e v e lo p e d  i n  t h i s  c h a p t e r  h a s  b e e n  shown t o  p r o v i d e  
a  u s e f u l  p r e d i c t i o n  m ethod  f o r  r a t e s  o f  c r i t i c a l  f l a s h i n g  f l o w  w i t h i n  t h e  
l i m i t a t i o n s  o f  t h e  a s s u m p t i o n s  u s e d  i n  c o n s t r u c t i n g  t h e  m o d e l .
Many o f  t h e  a s s u m p t io n s  u s e d  i n  c o n s t r u c t i n g  t h i s  m odel h a v e  b e e n  p r e v i o u s l y  
u s e d  i n  o t h e r  t h e o r e t i c a l  t r e a t m e n t s  o f  t h i s  p r o b l e m ,  b u r  t h i s  p a r t i c u l a r  
c o m b in a t io n  i s  o r i g i n a l .
T h is  t h e o r e t i c a l  p a r t  o f  t h e  p r e s e n t  work can  t h e r e f o r e  be  s e e n  t o  f o l l o w  
a  d e f i n i t e  c o u r s e  t h r o u g h  c h a p t e r s  2 ,  3 ,  4 .
I n  c h a p t e r  1 ,  t h e  p a r t i c u l a r  p ro b le m  o f  p o s s i b l e  n o n - e q u i l i b r a t i o n  b e tw e en  
p h a s e s  was i d e n t i c a l  a s  an i m p o r t a n t  f a c t o r  i n  t h e  p r e d i c t i o n  o f  r a t e s  o f  
t w o -p h a s e  c r i t i c a l  f l a s h i n g  f l o w s .  I n  o r d e r  t o  p u r s u e  t h i s  p ro b le m  f u r t h e r  
a  s im p le  m ode l  f o r  t h e  p r e d i c t i o n  o f  h e a t  t r a n s f e r  i n  t u r b u l e n t  f lo w s  was 
d e v e lo p e d  fro m  t h e  R e y n o ld s  F l u x ,  i n  c h a p t e r  2 ,  w h i l e  i n  c h a p t e r  3 ,  t h i s  m odel 
was s u c c e s s f u l l y  a d a p t e d  t o  t h e  p r e d i c t i o n  o f  r a t e s  o f  e v a p o r a t i o n  (and  
c o n d e n s a t i o n )  o f  w a t e r  a t  s h o r t  t im e  i n t e r v a l s .
F i n a l l y  b y  i n t r o d u c i n g  f e a t u r e s  o f  o t h e r  t h e o r e t i c a l  m o d e ls  o f  f l a s h i n g  
f lo w  and  a d d in g  t h e  p r e d i c t i v e  e q u a t i o n  f o r  e v a p o r a t i o n  r a t e  d e v e lo p e d  i n  t h e  
e a r l i e r  c h a p t e r s ,  i t  was p o s s i b l e  t o  p ro d u c e  a  s im p le  m o d e l  f o r  t h e  p r e d i c t i o n
o f  r a t e s  o f  c r i t i c a l  f l a s h i n g  f lo w  o f  w a t e r  a t  low p r e s s u r e s .  S in c e  t h i s  
s i m p le  m odel a p p e a r s  m ore s u c c e s s f u l  i n  p r e d i c t i n g  c r i t i c a l  f lo w s  t h a n  o t h e r s  
w h ich  u s e  many o f  t h e  same a s s u m p t i o n s ,  t h e  u s e  o f  t h e  p r e d i c t i v e  m ethod  f o r  
e v a p o r a t i o n  r a t e s  s e t  o u t  i n  c h a p t e r  3 i s  f u r t h e r  v i n d i c a t e d .
I n  t h e  d e v e lo p m e n t  o f  t h e  t h e o r e t i c a l  w ork o f  c h a p t e r s  3 and  4 ,  l a c k  o f  
s u i t a b l e  e x p e r i m e n t a l  d a t a  was n o t e d .  T h i s  l a c k  i s  e s p e c i a l l y  m arked  i n  t h e  c a s e  
o f  c r i t i c a l  f l a s h i n g  f lo w s  a t  low p r e s s u r e s .  I t  a p p e a r s  t h a t  a l t h o u g h  much 
work h a s  b e e n  c a r r i e d  o u t  t o  p r o d u c e  d a t a  f o r  c r i t i c a l  f l a s h i n g  f lo w s  o f  w a t e r  
a t  h i g h  p r e s s u r e s  and  t e m p e r a t u r e s  no  c o m p re h e n s iv e  s t u d y  e x i s t s  w h ich  com pares  
t h e  e f f e c t s  o f ,  a l t e r i n g  t h e  ^ ^ ^ ^ ^ ^ / d i a m e t e r  r a t i o ,  t h e  e n t r a n c e  p r o f i l e ,  f o r  
s i m p le  n o z z l e s  o v e r  a  r a n g e  o f  t e m p e r a t u r e s  an d  p r e s s u r e s  (up t o  7 b a r  and  
140 ° C ) .  To rem edy  t h i s  a p p a r e n t  l a c k ,  and  so  p r o v i d e  f u r t h e r  d a t a  o f  low 
p r e s s u r e  c r i t i c a l  f l a s h i n g  f l o w s , . t h e  wor-k, d e s c r i b e d  i n  t h e  s e c o n d  p a r t  o f  
t h i s  t h e s i s ,  was c a r r i e d  o u t .
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end ix  A t o  C h a p te r  4
The D e r iv a t i o n o f  t h e  S l i p  R a t i o  
The s l i p  r a t i o  v a l u e  u s e d  i n  c h a p t e r  4 i s  d e f i n e d  by
y  = 3 / — E ( A . t . l )
U f  /  P g
The d e r i v a t i o n  o f  t h i s  v a l u e  r e p r o d u c e d  h e r e  i s  t a k e n  from  Zivi_  (2 9 )  
and  f o l l o w s  t h e  d e r i v a t i o n  i n  (2 9 )  a lm o s t  e x a c t l y ,  b u t  w i t h  a l t e r e d  n o t a t i o n .  
T h is  d e r i v a t i o n  a s s u m e s ,
( a )  n e g l i g i b l e  w a l l  f r i c t i o n  i n  t h e  d u c t ;
( b )  t h e  v o i d " f r a c t i o n  i s  s u c h  a s  t o  m in im is e  t h e  
k i n e t i c  energy?- f l u x  t h r o u g h  t h e  f lo w  p a s s a g e .
The j u s t i f i c a t i o n  f o r  t h e s e  a s s u m p t io n s  i s  f u l l y  d i s c u s s e d  i n  ( 2 9 ) .
I f  t h e  mass f lo w  r a t e  i n  t h e  d u c t  i s  G, t h e n
U = —  (A .4 . 2 )
S Pga
P = G O "  x i ^  (A .4 . 3 )
f  p ^ ( l  -  a )
a  = v o i d  f r a c t i o n .
The k i n e t i c  e n e r g y  f l u x  i n  t h e  d u c t  i s
E -  X t  U 2 ( l  -  x ) ]  ( A .4 . 4 )
t h e  v o i d  f r a c t i o n  i s  a ssum ed  su c h  t h a t  E i s  m in im is e d
dE C dU dU
i . e .  —  = -{2 U  t  2U_ — -  (1  -  x ) }  = 0 (A .4 . 5 )da 2 g da  f  da
E v a l u a t i n g  an d  from  e q u a t i o n s  ( A .4 . 2 )  and  (A .4 . 3 )
d a  do^
d a  P^a
G(1 " x )
(A .4 . 6 )
^ ( 1  " a ) ^  J
S u b s t i t u t i n g  ( A . 4 . 2 ) ,  ( A\ 'I-. 3 ) , and (A .4 . 6 )  i n t o  (A .4 , 5 )  t h e  s o l u t i o n  
f o r  v o i d  f r a c t i o n  i s
-5 7-
1 + — ( - - & r
P f
(A .4 . 7 )
However f o r  tw o - p h a s e  f lo w s  t h e  v o i d - - f r a c t i o n  i s  f i x e d  w h i l e  t h e  s l i p  
r a t i o  i s  v a r i a b l e ,  whence from  (A .4 . 2 ) ,  (A .4 . 3 )  and (A .4 . 7 )  t h e  s l i p  r a t i o  
i s  fo u n d  as
U
U
P f ,  4
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A jjpendix  B t o  C h a p te r  4 
Change o f  Core D ia m e te r  and  L iq u id  V e l o c i t y  
w i t h  E v a p o r a t i, on E f f e c t s  
The f lo w  r a t e  o f  t h e  l i q u i d  p h a s e  a t  any p o i n t  i n  t h e  f lo w  i s
'■'f =
w h e re  A^ = c r o s s  s e c t i o n  o c c u p ie d  by l i q u i d  = r r ? '  
r  = l i q u i d  c o r e  r a d i u s
( B . 4 . 2 )
TîU^  dC 
-  p -------- :— '1* irrdy
2 i f '
o dy ( B . 4 . 3 )
I n t e g r a t i n g  f ro m  y = 0 t o  y = L,
L d r  2 ^
^  d T  ûy .
o o
= Trp^r[ 2U^Ar + r  A U^] (B 4 .4 )
From e q u a t i o n  ( 4 . 3 )  and  ( 4 , 5 )  w i t h  r  = C^D.
P f ^ f
AWr = p U Sirr Lx 




2 Ar ^ ^ fwhence ------1 - r p -r  U _ f
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r  = C^D.
( B . 4 . 5 )
( B . 4 . 6 )
can  b e  e v a l u a t e d  n u m e r i c a l l y  f o r  t h e
v a l u e s  o f  t h e  p a r a m e t e r s  u s e d  i n  t h e  c r i t i c a l  f lo w  r a t e  i n  C h a p te r  4,
F o r  a  n o z z l e  w i t h  l e n g t h  10 cm, t h r o a t  d i a m e t e r  2 .5 4  cm, a n d  an  u l t r a h e a t
o f  40 C.
, 0 .1 .
r  U^J
Hence t u e  e f f e c t s  o f  r e g a r d i n g  l i q u i d - p h a s e  v e l o c i t y  an d  c o r e  d i a m e t e r  a s  
c o n s t a n t ,  t o g e t h e r  i n t r o d u c e  an e r r o r  o f  l e s s  t h a n  .10%
S in c e  t h i s  e r r o r  a r i s e s  i n  AW^ ., w h ich  i s  o n ly  a b o u t  0 . 1  i t  may be
s a f e l y  d i s r e g a r d e d  i n  t h e  e v a l u a t i o n  o f  c r i t i c a l  f lo w  r a t e s »
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^ I n t r o d u c t i o n  t o  E x p e r ime n t a l  Work
5 . 1  The f i r s t  p a r t  o f  t h i s  t h e s i s  i s  c o n c e rn e d  w i t h  t h e  d e v e lo p m e n t  o f  a 
t h e o r e t i c a l  m odel o f  t w o - p h a s e  f l a s h i n g  f l o w .  D u r in g  t h e  c o n s t r u c t i o n  o f  
t h i s  model c e r t a i n  a s s u m p t io n s  w ere  made w hich  r e s t r i c t e d  t h e  a p p l i c a t i o n
o f  t h e  m odel t o  c r i t i c a l  f l a s h i n g  f lo w s  o f  w a t e r  a t  p r e s s u r e s  l e s s  t h a n  10 
b a r  and l i q u i d  s u p e r h e a t s  l e s s  t h a n  50 ° C . The m o d el  i n t r o d u c e d  i n  c h a p t e r  4 
gave  p r e d i c t i o n s  o f  v a r i a t i o n  i n  c r i t i c a l  fl.ow r a t e  w i t h  c h a n g in g  n o z z l e  
e n t r a n c e  s h a p e ,  l e n g f h  t o  d i a m e t e r  r a t i o ,  and  l i q u i d  t e m p e r a t u r e .  L i t t l e  
e x p e r i m e n t a l  d a t a  i s  a v a i l a b l e  on t h e  e f f e c t s  o f  t h e s e  p a r a m e t e r s  on c r i t i c a l  
f lo w  r a t e s ,, f o r  low p r e s s u r e  f l o w s , a s  was shown when a  c o m p a r i so n  o f  t h e  m odel 
w i t h  e x p e r i m e n t a l  d a t a  was made.
The e x p e r i m e n t a l  s t u d y  was i n t e n d e d  t o  g iv e  f u r t h e r  d a t a  on c r i t i c a l  
f l a s h i n g  f lo w  r a t e s  f o r  w a t e r  a t  low p r e s s u r e s  i n  s i m p le  n o z z l e s . T h is  
c h a p t e r  s e t s  o u t  t h e  a r e a s  o f  e x p e r i m e n t a l  s t u d y  and  d i s c u s s e s  t h e  c r i t e r i a  
a p p l i e d  i n  d e s i g n i n g  th e  e x p e r i m e n t a l  a p p a r a t u s .
5 .2  D e s c r i p t i o n  o f  E x p e r im e n ta l  S tu d y
The l a c k  o f  e x p e r i m e n t a l  d a t a ,  on c r i t i c a l  f l a s h i n g  f lo w  r a t e s  a t  low  
p r e s s u r e s ,  s u g g e s t e d  t h a t  a  c o m p re h e n s iv e  e x p e r i m e n t a l  s t u d y  o f  t h e  v a r i a t i o n  
o f  c r i t i c a l  f lo w  r a t e s  i n  n o z z l e s  w i t h  c e r t a i n  p a r a m e t e r s  w ould  b e  o f  v a l u e .
At t h e  o u t s e t  i t  was d e c id e d  t h a t  t h e  maximum p r e s s u r e  i n  t h e  f lo w  s y s te m  
w ould  b e  l i m i t e d  t o  10 b a r ,  t h a t  t h e  p r e s s u r e  dow nstream  o f  t h e  n o z z l e  w ould  
be  a t m o s p h e r i c  and  t h a t  t h e  l i q u i d  s u p e r h e a t  w ould  n o t  e x c e e d  50 '^C. T hese  
l i m i t s  w e re  e s t a b l i s h e d  f o r  two r e a s o n s ;  f i r s t l y  t h e  t h e o r e t i c a l  work d e s c r i b e d  
i n  c h a p t e r s  2 t o  4 was e f f e c t i v e l y  l i m i t e d  t o  f lo w s  i n  s y s te m s  h a v in g  t h e s e  
l i m i t s .  S e c o n d ly  t h e  i n t r o d u c t i o n  o f  t h e s e  low p r e s s u r e s  and  t e m p e r a t u r e  
l i m i t s  g r e a t l y  s i m p l i f i e d  t h e  d e s i g n  o f  t h e  e x p e r i m e n t a l  s y s t e m .
By e x a m in in g  t h e  work o f  p r e v i o u s  e x p e r i m e n t e r s  c e r t a i n  i m p o r t a n t  p a r a m e t e r s  
w e re  c h o se n  f o r  s t u d y , I n  t h e  f i n a l  fo rm ,  t h e  programme w ould  i n v o l v e  t h e  
d e t e r m i n a t i o n  o f :
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(1 )  t h e  v a r i a t i o n  o f  c r i t i c a l  f lo w  r a t e s  w i t h  l i q u i d  s u p e r h e a t ;
(2 )  t h e  v a r i a t i o n  o f  c r i t i c a l  f l o w  r a t e s  w i t h  t h e
s h a p e  o f  t h e  e n t r a n c e  t o  t h e  f lo w  p a s s a g e ;
(3 )  t h e  v a r i a t i o n  o f  c r i t i c a l  f lo w  r a t e  w i t h  ^ ^ ^ ^ ^ ' '^ /d ia m e te r  
r a t i o  o f  t e s t  n o z z l e ;
( 4 )  p r e s s u r e  g r a d i e n t s  i n  t h e  n o z z l e  and  n e a r  e x i t s  an d  e n t r a n c e s ;
(5 )  t h e  q u a n t i t y  o f  d i s s o l v e d  g a s e s  i n  t h e  w a te r  u s e d .  In
p r a c t i c e  t h i s  a n a l y s i s  was c o n f i n e d  t o  d i s s o l v e d  o x y g en .
H aving  d e f i n e d  t h e  a im s  o f  t h e  s t u d y  some p r e l i m i n a r y  d e s i g n  w ork c o u ld  
b e  c a r r i e d  o u t .
B e fo r e  f u r t h e r  d i s c u s s i n g  t h e  d e s i g n  o f  t h e  r i g  i t  i s  n e c e s s a r y  t o  
d i g r e s s ,  an d  d i s c u s s  t h e  u s e  o f  t h e  t e r m  " c r i t i c a l  f l o w " .
5 . 3  N ote  on t h e  u s e  o f  t h e  te r m  C r i t i c a l  Flow
The phenom enon o f  m ass l i m i t i n g  o r  c r i t i c a l  f lo w  o f  f l u i d s ,  w h e th e r  s i n g l e  
o r  m u l t i - p h a s e ,  i s  w e l l  e s t a b l i s h e d  f o r  c e r t a i n  c o n d i t i o n s .
C r i t i c a l  f lo w s  a r e  d e f i n e d  i n  t e rm s  o f  t h e  v a r i a t i o n  o f  t h e  m ass f lo w  r a t e  
(G) o f  t h e  f l u i d  i n  some t e s t  s e c t i o n  o r  n o z z l e  w i t h  c h a n g e s  i n  th e  d i f f e r e n c e  
b e tw e e n  t h e  e n t r a n c e  p r e s s u r e  (Pj^) an d  t h e  e x i t  p r e s s u r e  (P ^ )  o f  t h e  n o z z l e ,  
w i t h  o t h e r  p a r a m e t e r s  h e l d  c o n s t a n t .  The c r i t i c a l  f lo w  i s  d e f i n e d  a s  t h e  mass 
f lo w  r a t e  f o r  w h ic h ;
{ 9G
a f p ^ - P g ) !  ■ °  .......... ( 5 . 1 )
c o n s t a n t
p a r a m e t e r s
F o r  a  r e a l  n o z z l e  t h e  v a r i a t i o n  o f  (P^ -  P ^ )  c a n  b e  o b t a i n e d  i n  two w ays .
(A) By c h a n g in g  P^ an d  h o l d i n g  P^ and 
o t h e r  p a r a m e t e r s  c o n s t a n t .
(B) By c h a n g in g  P^ and  h o l d i n g  P^ and  
o t h e r  p a r a m e t e r s  c o n s t a n t .
F o r  s i n g l e  p h a s e  f l o w s  i x  i s  w e l l  e s t a b l i s h e d  t h a t  c r i t i c a l  f lo w s  i n  n o z z l e s  
o c c u r  when t h e  v e l o c i t y  o f  f lo w  a t  t h e  n o z z l e  t h r o a t  i s  e q u a l  t o  t h e  l o c a l  s o n i c  
v e l o c i t y .  I f  f r i c t i o n  e f f e c t s  a r e  n e g l i g i b l e  t h i s  c r i t i c a l  f l o w  r a t e  i s  a  f u n c t i o n  
o f  P^ and  T o n l y .  Hence v a r i a t i o n  o f  P^ h a s  no e f f e c t  on  t h e  f lo w  r a t e .
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I f  an e x p e r im e n t  i s  p e r f o r m e d ,  t o  d e t e r m in e  c r i t i c a l  f lo w  r a t e s ,  by 
i n c r e a s i n g  t h e  u p s t r e a m  p r e s s u r e ,  (m e th o d  B ) ,  t h e  f lo w  r a t e  i s  s t i l l  a  f u n c t i o n  
o f  an d  T , and  t h e  f lo w  v e l o c i t y  w i l l  v a r y  w i t h  . Thus i n  t h i s  c a s e  t h e  
c r i t i c a l  f lo w  r a t e  e s t a b l i s h e d  by  v a r y i n g  w i l l  v a r y  w i t h  P ^ .
F o r  f lo w  r a t e s  o b t a i n e d  b y  v a r y i n g  P^ a t  c o n s t a n t  P^ an d  T t h e  c r i t i c a l  
f lo w  i s  i n d e p e n d e n t  o f  P^ an d  w i l l  r e m a in  c o n s t a n t  a s  P^ v a r i e s .
T y p i c a l  p l o t s  o f  t h e  v a r i a t i o n  o f  f lo w  r a t e  w i t h  p r e s s u r e  d ro p  o b t a i n e d  
b y  v a r y i n g  P^ and  b y  v a r y i n g  P^ a r e  shown on F i g .  5 . 1 .
Method A g i v e s  a  w e l l  d e f i n e d  f l a t  p r o f i l e  when t h e  f lo w  v e l o c i t y  i s  e q u a l  
t o  t h e  s o n i c  v e l o c i t y  and
r  9G
\ 9 ( P  - P  ) /  = 0  ( 5 . 2 ( a ) )
T
However f o r  m ethod  B t h e  p l o t  shows t h a t  v a l u e s  o f  G i n c r e a s e  even  a f t e r  
t h e  f lo w  v e l o c i t y  r e a c h e s  t h e  l o c a l  s o n i c  v e l o c i t y  a t  t h e  t h r o a t ,
an d  ( s T p ^ W )  ^ °   ( 5 . 2 ( b ) )
1 2 ^
I f  e q u a t i o n  ( 5 . 1 )  i s  u s e d  a s  a  c r i t e r i o n  f o r  d e f i n i n g  a  c r i t i c a l  f lo w  r a t e  
t h e n  f o r  s i n g l e  p h a s e  f lo w s  o n ly  m ethod  A c o u ld  be  u s e d  t o  d e t e r m in e  e x p e r i ­
m e n t a l  c r i t i c a l  f lo w  r a t e s .
F o r  tw o - p h a s e  f l o w s  e q u a t i o n  ( 5 . 1 )  i s  f r e q u e n t l y  u s e d  t o  d e f i n e  e x p e r i m e n t a l  
c r i t i c a l  f lo w  r a t e s .  C l e a r l y  t h e  e x p e r i m e n t a l  m ethod  c h o s e n  w ou ld  be  t h a t  f o r  
w h ich  t h e r e  e x i s t e d  some r a n g e  o f  v a l u e s  o f  (P^ -  P g ) ,  s u c h  t h a t ;
( s C P ^ - P j ) )  = °
U n f o r t u n a t e l y  t h e  c h o k in g  p r o c e s s  f o r  tw o -p h a s e  f l o w s  i s  n o t  w e l l  u n d e r s t o o d .
I f ,  h o w e v e r ,  t h e  t w o - p h a s e  c h o k in g  m echanism  i s  i n  some way r e l a t e d  t o  t h e  a t t a in m e n -  
o f  a  s o n i c  v e l o c i t y  i n  t h e  f l o w  t h e n  an  arg u m en t a n a lo g o u s  t o  t h a t  f o r  s i n g l e  p h a s e  
f lo w s  w ould  s u g g e s t  t h a t  f o r  m eth o d  A f o r  some (P^ -  P ^ )
1 2
w h i l e  f o r  m eth o d  B,
( 9 ( 1 , - P ^ ) )  ^A - ^ ............... ( 5 . 2 ( a ) )
1 2
^ 9 ( P - P ) 1  ~ ^ B  ^ 0 . . . . . ( 5 . 2 ( b ) )
i()n ()T
c r it
1 { D r ( 2 s s i j r ( 5  o r c D p ) ,  
in e a c h  co se .
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However a l t h o u g h  t h e o r e t i c a l  m o d e ls  h av e  b e e n  c o n s t r u c t e d  by m ak in g  a s s u m p t io n  
o f  ch o k ed  f lo w  r a t e s  v a r y i n g  w i t h  a  s o n i c  v e l o c i t y  i n c l u d i n g  t h e  m o d e ls  w i t h  p s e u d o -  
s o n i c  c h o k in g  d i s c u s s e d  i n  s e c t i o n  1 .4  and  t h e  m odel d i s c u s s e d  i n  C h a p te r  4 o f  t h i s  
t h e s i s ;  t h e  e x p e r i m e n t a l  e v i d e n c e  d o e s  n o t  u n i q u e l y  e s t a b l i s h  s o n i c  v e l o c i t y  a s  t h e  
c h o k in g  v e l o c i t y  f o r  tw o -p h a s e  f lo w s  o f  t h e  t y p e  d i s c u s s e d  i n  t h i s  t h e s i s .  Hence 
f o r  su ch  f lo w s  g r e a t  c a r e  i s  n e c e s s a r y  i n  u s i n g  a rg u m e n ts  b a s e d  on e v a l u a t i o n  o f  
e i t h e r  o r  b y  a n a lo g y  w i t h  t h e  s i n g l e  p h a s e  c a s e .
N e v e r t h e l e s s ^ i n  p r e v i o u s  e x p e r i m e n t a l  w o r k ^ e x p e r im e n te r s  h av e  fo u n d  c r i t i c a l  
tw o -p h a s e  f lo w  r a t e s  b y  e x a m in in g  t h e  v a r i a t i o n  o f  G w i t h  (P^ -  P ^ )  u s i n g  m ethod  B. 
The c r i t i c a l  f lo w  r a t e  h a s  b e e n  d e f i n e d  a s  t h e  m ass f lo w  r a t e  f o r  w h ich  i s  l e s s  
t h a n  some minimum g r a d i e n t .
Exam ples  o f  t h e  u s e  o f  t h i s  e x p e r i m e n t a l  t e c h n i q u e  a r e  r e f e r e n c e s  ( 3 ) , ( 9 ) , ( 1 2 ) %  
( 1 3 ) , ( 1 7 ) .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  c r i t i c a l  f lo w  r a t e s  e v a l u a t e d  i n  an 
e x p e r im e n t  w here  t h e  p r e s s u r e  d ro p  was a l t e r e d  u s i n g  m e th o d  A ( r e f e r e n c e  ( 4 ) )  a r e  
o f  s i m i l a r  m a g n i tu d e  t o  t h o s e  fo u n d  i n  r e f e r e n c e  (1 3 )  f o r  s i m i l a r  f l o w s .
In  t h i s  p r e s e n t  w ork  t h e  u s e  o f  m ethod  B a r i s e s  from  t h e  d e s i g n  o f  t h e  
e x p e r i m e n t a l  a p p a r a t u s .  The c r i t e r i a  f o r  s e l e c t i n g  t h e  v a l u e s  o f  c r i t i c a l  f lo w  
r a t e  a r e  g iv e n  i n  t h e  d i s c u s s i o n  i n  C h a p te r  7 .
T h is  c h o i c e  was r e i n f o r c e d  by  t h e  o b s e r v a t i o n  t h a t  f o r  many d e s i g n  a p p l i c a t i o n s  
r e q u i r i n g  a  k n o w led g e  o f  c r i t i c a l  tw o - p h a s e  f l o w  r a t e s  t h e  e x i t  p r e s s u r e  i s  d e f i n e d  
f o r  t h e  f lo w  w h i l e  t h e  u p s t r e a m  c o n d i t i o n s  a r e  v a r i a b l e .  One ex am p le  o f  t h i s  
s i t u a t i o n  i s  t h e  em erg en cy  blowdown o f  r e a c t o r  p r e s s u r e  v e s s e l s ,
5 . M- Summary o f  D e s ig n  S p e c i f i c a t i o n
A f t e r  c o n s i d e r a t i o n  o f  t h e  v a r i o u s  r e q u i r e m e n t s  an d  r e s t r i c t i o n s  d i s c u s s e d  i n  
t h i s  c h a p t e r ,  an e x p e r i m e n t a l  r i g  was c o n s t r u c t e d .  The r i g  was i n t e n d e d  t o  p r o v i d e  
f a c i l i t i e s  f o r  e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h e  a r e a s  t e s t e d  i n  s e c t i o n  5 . 2 ,  
u s i n g  w a t e r  a s  t h e  w o rk in g  f l u i d .
A f t e r  r e v i e w i n g  t h e  p ro b le m s  o f  d e f i n i t i o n  o f  t h e  t e r m  " c r i t i c a l  f l o w "  w i t h  
r e g a r d  t o  t w o - p h a s e  f l a s h i n g  f l o w ,  a  d e s i g n  was e v o l v e d  w h ich  w o u ld  o b t a i n  l i m i t i n g  
f lo w  v a l u e s  i n  t h e  t e s t  s e c t i o n s  by i n c r e a s i n g  u p s t r e a m  p r e s s u r e s  w h i l e  h o l d i n g  
dow nstream  p r e s s u r e s  c o n s t a n t .
S in c e  p r e s s u r e  g r a d i e n t s  w e re  t o  b e  ex am in ed  i n  t h e  f l o w ,  t h e  t h r o a t  d i a m e t e r  
o f  t h e  n o z z l e  h a d  t o  b e  c o n s i d e r a b l y  l a r g e r  t h a n  t h e  p r o b e  c r o s s - s e c t i o n  d im e n s io n ;  
i n  o r d e r  t o  r e d u c e  t h e  d i s t u r b a n c e  i n t r o d u c e d  by  t h e  p r o b e s .  N o z z le  b o r e s ,  o r  
t h r o a t  d i a m e t e r s  w e re  c h o s e n  a s  1 2 .7  m m (0 .5" )  and  2 5 .4  m m ( l" ) .  S im p le  n o z z l e  shape 
w e re  ch o se n  t o  e a s e  i d e n t i f i c a t i o n  o f  t h e  e f f e c t s  o f  v a r i a t i o n  i n  e n t r a n c e  s h a p e  
and  n o z z l e  l e n g t h .  The n o z z l e s  a r e  d e s c r i b e d  i n  s e c t i o n  6 .2  o f  C h a p te r  5 .
The c o m b in a t io n  o f  n o z z l e  t h r o a t  d i a m e t e r s  o f  o r d e r  10 mm w i t h  f lo w  r a t e s  o f  
4 2t h e  o r d e r  o f  10 kg/m  s g av e  a  l a r g e  c i r c u l a t i o n  r a t e ,  w i t h  a t t e n d a n t  v a p o u r  
c o n d e n s a t i o n  and  l i q u i d  r e h e a t i n g  p ro b le m s  t h u s  i n d i c a t i n g  a n  i n t e r m i t t e n t  ( " s i n g l e  
s h o t " )  mode o f  o p e r a t i o n .  T h i s  s c a l e  r e q u i r e m e n t ,  c o u p l e d  w i t h  a  r a t h e r  t i g h t  
p r o j e c t  t im e  s c a l e ,  p r o d u c e d  a  d e s i g n  w h ich  u t i l i s e d  s t a n d a r d  e q u ip m en t  a s  much as  
p o s s i b l e .  The r e s u l t a n t  e x p e r i m e n t a l  r i g  was t h e r e f o r e  o f  s i m p l e ,  i f  m a s s i v e ,  
d e s i g n  b u t  p ro v e d  e x t r e m e l y  r e l i a b l e .
In  c h a p t e r  6 t h e  e x p e r i m e n t a l  r i g  i s  d e s c r i b e d  i n  d e t a i l ,  w i t h  a d d i t i o n a l  
n o t e s  on i n s t r u m e n t a t i o n  and  o p e r a t i n g  p r o b le m s .
Chapter 6 The Experimental Rig - Construction and Operation
6 .1  C h a p te r  5 s e t  o u t  t h e  d e s i g n  c r i t e r i a  f o r  t h e  e x p e r i m e n t a l  s y s te m  
u s e d  t o  s t u d y  c r i t i c a l  f l a s h i n g  f lo w  r a t e s  o f  w a te r  i n  s h o r t  n o z z l e s .  I n  
t h i s  c h a p t e r  t h e  e x p e r i m e n t a l  r i g  i s  d e s c r i b e d  and  t h e  o p e r a t i o n a l  and 
i n s t r u m e n t a t i o n  p ro b le m s  a s s o c i a t e d  w i t h  t h e  s y s te m  a r e  d i s c u s s e d .
I n  g e n e r a l  t h e  r i g  was d e s i g n e d  t o  u t i l i s e  a s  many s t a n d a r d  com ponen ts  
an d  t e c h n i q u e s  a s  p o s s i b l e .  E x p e r im e n ta l  v a l u e s  w i t h  u n c e r t a i n t i e s  o f  l e s s  
t h a n  3% w ere  n o r m a l l y  c o n s i d e r e d  a c c e p t a b l e .
B ecau se  t h e  ch an g e  from  I m p e r i a l  t o  S . I .  u n i t s  and  s t a n d a r d s  h a d  n o t  t h e n  
t a k e n  p l a c e  i n  t h e  w o rk sh o p s  p r o d u c in g  com ponen ts  f o r  t h e  r i g ,  t h e  d ra w in g s  
f o r  t h e  v a r i o u s  com ponen ts  w e re  made i n  I m p e r i a l  u n i t s  an d  t h e  s t a n d a r d s  
u s e d  w e re  t h o s e  e x p r e s s e d  i n  I m p e r i a l  u n i t s .  I n  c e r t a i n  c a s e s  e . g .  c a l i b r a t i o n s ,  
c a l c u l a t i o n s  w e re  t h e n  c o n v e r t e d  t o  S . I .  R e s u l t s  a r e  e x p r e s s e d  i n  S . I ,
Many o f  t h e  f ig m ? e s  i n  t h i s  c h a p t e r  a r e  r e v i s e d  c o p i e s  o f  t h e  o r i g i n a l  
e n g i n e e r i n g  d ra w in g s  and  s k e t c h e s  an d  h e n c e  a r e  i n  I m p e r i a l  u n i t s .  F u r t h e r ,  
i n  t h i s  c h a p t e r ,  w here  I m p e r i a l  d im e n s io n s  e t c  a r e  q u o te d  w i t h  S . I .  e q u i v a l e n t s ,  
t h e  m easu rem en t  i n  I m p e r i a l  u n i t s  i s  t h e  d e f i n i n g  m easu rem en t  and  t h e  S . I .  
e x p r e s s i o n  i s  m e re ly  f o r  c o n v e n ie n c e .
6 .2  Co n s t r u c t i o n  and  L a y o u t
G e n e r a l  v ie w s  o f  t h e  e x p e r i m e n t a l  s y s te m  a r e  g i v e n  i n  F i g s  6 .1  and 
P l a t e s  5 . 1 .  E x a m in a t io n  o f  t h s e  f i g u r e s  and  p l a t e s  i n d i c a t e s  t h e  l a r g e  s i z e  
o f  t h e  r i g .
The s y s te m  c o n s i s t s  o f  two l a r g e  t a n k s  i n t e r c o n n e c t e d  b y  a  p i p i n g  s y s t e m .
I n  t h e  m ain  p r e s s u r e  t a n k  w a t e r  can  be  h e a t e d  by  s te a m  i n j e c t i o n  t o  a  t e m p e r a t u r e  
o f  150 ^C. The p r e s s u r e  i n  t h i s  t a n k  i s  a d j u s t e d  b y  a  c o m p re s s e d  a i r  s y s te m  
up t o  a  maximum v a l u e  o f  7 b a r  (100  I b f / i n  ) ,
W ate r  i s  l e d  fro m  t h e  m ain  p r e s s u r e  t a n k  t h r o u g h  a  4 i n c h  (1 0 1  mm) l i n o ,  
p a s t  th e rm o m e te r s  and o r i f i c e  p l a t e s  t o  t h e  n o z z l e  t e s t  s e c t i o n s .  From t h e  
h o r i z o n t a l  t e s t  s e c t i o n s  t h e  s t e a m - w a t e r  m i x tu r e s  p a s s  i n t o  a  d e f l e c t o r  box 
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tank through an'8 inch (203 mm) diameter opening. In the receiving tank
t h e  w a t e r  and  s t e a m  com ponen ts  o f  t h e  f lo w  s e p a r a t e .  No c o n d e n s in g  s y s te m
i s  f i t t e d  and t h e  s t e a m  i s  b low n o f f  t o  a tm o s p h e re  down a l a r g e  d u c t .
2R e c e i v in g  t a n k  p r e s s u r e s  a r e  a lw a y s  w i t h i n  0 . 1  b a r  (2 l b / i n  ) o f  a t m o s p h e r i c  
p r e s s u r e .
W a te r  f rom  t h e  r e c e i v i n g  t a n k  i s  r e t u r n e d  t o  t h e  m ain  p r e s s u r e  t a n k  by  
a  pump s y s te m .
The m ain  com p o n en ts  o f  t h e  sy s te m  a r e  now d e s c r i b e d  i n  d e t a i l ,  u s i n g  
t h e  d e s i g n a t i o n  o f  F ig s  6 . 1 .
( 1 )  Main P r e s s u r e  Tan k .  A c y l i n d r i c a l  t a n k  o f  a p p r o x im a te  d im e n s io n s ,  
l e n g t h  7 f t  ( 2 . 1  m) d i a m e t e r  6 f t  8 ” ( 1 . 7  m ). T h is  t a n k  i s  o f  f o r e i g n  
m a n u f a c tu r e  an d  d o e s  n o t  conforiTi t o  BS1500. The o p e r a t i n g  c o n d i t i o n s  a r e
d e f i n e d  by  i n s u r a n c e  i n s p e c t i o n  r e q u i r e m e n t s  and  a r e ;  maximum p r e s s u r e
2 o100 l b / i n  (7  b a r )  a t  a maximum t e m p e r a t u r e  o f  150 C.
The t a n k  i s  f i t t e d  w i t h  a  s te a m  i n j e c t o r  h e a t e r .  S team  i s  s u p p l i e d  i n
a  s a t u r a t e d  c o n d i t i o n  t h r o u g h  a  r e d u c t i o n  s y s te m  a t  a n o rm a l  o p e r a t i n g  r a t e
o f  900 l b / h r  (400 k g / h r ) .  A t im e  o f  a b o u t  4 h r s . i s  r e q u i r e d  t o  h e a t  a f u l l
t a n k  o f  c o l d  w a t e r .
O t h e r  c o n n e c t i o n s  t o  t h e  main p r e s s u r e  t a n k  a r e  f o r  an a i r  s u p p l y  l i n e
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from  a  c o m p re s s o r  s y s te m  and  f o r  a  s a f e t y  v a l v e  b lo w in g  o f f  a t  100 l b / i n
(7  b a r )  p r e s s u r e .  W a te r  i s  d i s c h a r g e d  t o  t h e  t e s t  s e c t i o n  th r o u g h  a  4 "
(1 0 1  mm) d i a m e t e r  o p e n in g  b e n e a t h  t h e  t a n k .  The m ain  p r e s s u r e  t a n k  i s  
m oun ted  on a  g r i l l a g e  s y s te m .
T h erm o m ete rs  an d  p r e s s u r e  g a u g e s  a r e  f i t t e d  a t  v a r i o u s  p o i n t s .
( 2 )  R e c e i v in g  T a n k . A r e c t a n g u l a r  t a n k  w i t h  a p p r o x im a te  d im e n s io n s
6 f t  ( 1 . 8  m) X 8 f t  ( 2 . 4  m) x 3 f t  ( 1 . 2  m ), c o n s t r u c t e d  o f  ^ i n c h  (12 mm) 
s t e e l  p l a t e .  The n o m in a l  o p e r a t i n g  p r e s s u r e  f o r  t h i s  cank i s  a t m o s p h e r i c  
p r e s s u r e  a t  t e m p e r a t u r e s  up t o  110 ^C.
T h is  t a n k  h a s  c o n n e c t i o n s  f o r  d r a i n  l i n e s ,  f o r  c o l d  w a t e r  f e e d  l i n e s
and a  r e t u r n  l i n e  t o  t h e  m ain  p r e s s u r e  t a n k .  A s i g h t  g au g e  f o r  w a t e r  l e v e l s
U i j i d  a  p i ' u S ü U i ' e  n a u u e  a i ’e  f i r r e d  T o  ( h e  i f m k .
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12 i n c h  (300  mm) o p e n in g  o n to  t o p  s u r f a c e  o f  t h e  t a n k  i s  c o n n e c t e d  
t o  a s q u a r e  d u c t .  The d u c t  c a r r i e s  o f f  s te a m  from  t h e  r e c e i v i n g  t a n k .  On 
t h e  t o p  o f  t h e  t a n k  t h e  d e f l e c t o r  box  i s  a l s o  f i t t e d .  The d e f l e c t o r  box  i s  
10 i n c h e s  (250 mm) s q u a r e  and  c o n s t r u c t e d  o f  2  i n c h  (12 mni) s t e e l  p l a t e .
T h is  bo x  a l s o  p r o v i d e s  m o u n t in g s  f o r  p r e s s u r e  p r o b e s .
( 3 )  The P i p i n g  S y s te m . The s i s e s  and  a p p r o x im a te  fo rm  o f  t h e  p i p i n g
l a y o u t  i s  shown i n  F ig  6 . 1 .  A l l  p i p i n g  and  f l a n g e s  confo rm  t o  B r i t i s h  S ta n d a r d s
2
f o r  a  s y s te m  o p e r a t i n g  a t  a  d e s i g n  maximum p r e s s u r e  o f  120 l b / i n  (8 b a r ) .  
C e r t a i n  s e c t i o n s  o f  t h e  s m a l l e r  p i p e s  a r e  f i t t e d  w i th  s c r e w e d  f i t t i n g s .  T h ese  
a l s o  con fo rm  t o  B r i t i s h  S t a n d a r d s .  No a t t e m p t  h a s  b e e n  made t o  p r o t e c t  t h e  
s y s te m  a g a i n s t ,  r u s t i n g  o r  o t h e r  fo rm s  o f  c o r r o s i o n .
( 4 ) The n o z z l e  t e s t  s e c t i o n s . The n o z z l e s  u s e d  i n  t h e  e x p e r i m e n t a l  
programme a r e  o f  two t y p e s , . ( a )  m e t a l ,  ( b )  g l a s s .  The d i m e n s io n s  and  fo rm s  
o f  t h e s e  n o z z l e s  a r e  shom i i n  F ig s  6 . 2 ( a )  and  6 . 2 ( b ) ,  and  P l a t e s  6.
M e ta l  n o z z l e s  w e re  c o n s t r u c t e d  from  s t o c k  s t e e l  p l a t e  and  p i p i n g  w i t h  an 
i n t e r n a l  f i n i s h  t o  0 .0 0 2  i n c h .  F o r  t h e s e  n o z z l e s  d im e n s io n  L was 5 ” (127  mm),
4 ” (1 0 1  mm), 3” (76  mm) and  2 ” (5 1  mm) f o r  e a c h  e n t r a n c e  p r o f i l e .  The c o r r e s ­
p o n d in g  d im e n s io n  D was 1 "  (25 mm) and  0 . 5 "  (I2mm) b u t  tw o s e t s  w ere  made 
w i t h  D o f  1 . 5 "  (38 mm) and 0 .7 5 "  (19 mm) w i th  a l e n g t h  L o f  4 "  (101  mm).
T h i s  g i v e s  a  t o t a l  o f  30 n o z z l e s .
G la s s  n o z z l e s  w e re  c o n s t r u c t e d  o n ly  f o r  D o f  1 "  (25 mm) w i t h  L v a l u e s
o f  4" (101  mm), 5" (127  mm) an d  3" (75 mm) i n  each  o f  t h r e e  e n t r a n c e  p r o f i l e s .
F o r  t h e s e  n o z z l e s  t h e  e n t r a n c e  and  e x i t  f l a n g e s  w e re  made fro m  t h e  same s t o c k  
s t e e l  as  t h e  m e t a l  n o z z l e s .
Some p ro b le m s  w e re  fo u n d  i n  s e a l i n g  t h e  g l a s s  t u b e  s e c t i o n  t o  t h e  e n t r a n c e  
and  e x i t  f l a n g e s t h e  g l a s s  b e i n g  h e l d  i n  p l a c e  b y  a c o m p r e s s io n  f o r c e  due t c  
t h e  e x p a n s io n  o f  t l i e  s t e e l  p i p e  s y s te m .
B oth  L y p e S  o f  n o z z l e  w e re  s e t  i n t o  L h e  4 "  p i p e  s y s te m  j u s t  b e f o r e  t h e  
d e f l e c t o r  b o x .  A 5" (127  mm) gap  was made t o  a c c e p t  t h e  n o z z l e s .  F o r  n o z z l e s  
s h o r t e r  t h a n  5" (127 mm) s p a c e r  p i e c e s  w e re  i n s e r t e d  j u s t  u p s t r e a m  o f  t h e  
n o z z l e  e n t r a n c e .  A t y p i c a l  n o z z l e  a s s e m b ly  i s  shown i n  F ig  6 . 3 .
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NOTE C O R R O S I O N
. PI. 6 .2 (b )  NOZZLE EN T RANCES
c o r r o o J o n  damage b y  u s i n g  v a r i o u s  c o a t i n g s  p ro v e d  u n s u c c e s s f u l .
The main com p o n en ts  o f  t h e  s y s t e m  b e i n g  d e s c r i b e d ,  t h e  i n s t r u m e n t a t i o n  
u s e d  t o  p r o v i d e  t h e  e x p e r i m e n t a l  r e s u l t s  w i l l  be  d i s c u s s e d  i n  s e c t i o n  6 . 3 .
6 .3  I n s  t  ru m en t  a t  i on
To a c h i e v e  t h e  a im s  s e t  o u t  i n  c h a p t e r  5 ,  m e a su re m e n ts  w e re  r e q u i r e d  o f  
c e r t a i n  p a r a m e t e r s  i n  two p h a s e  f l a s h i n g  f l o w s .
T hese  m ea su re m e n ts  w e re  ( a )  f lo w  r a t e ;
(b )  l i q u i d  b u l k  t e m p e r a t u r e ;
( c )  p r e s s u r e  d ro p  a c r o s s  t e s t  s e c t i o n  -  
i . e .  u p s t r e a m  and  d o w n s tre am  p r e s s u r e s ;
(d )  p r e s s u r e  d i s t r i b u t i o n s  w i t h i n  t h e  n o z z l e ;
( e )  d i s s o l v e d  g a s e s  i n  t h e  l i q u i d .
To o b t a i n  t h e s e  m e a su rem en ts  i n s t r u m e n t s  had  t o  b e  i n s t a l ] e d  i n  t h e  e x p e r i  
m e n ta l  s y s t e m .  As a  m a t t e r  o f  p o l i c y  t h e  t y p e  o f  m e a s u r in g  i n s t r u m e n t s  
c h o s e n  w ere  s im p le  s t a n d a r d  t y p e s  c a p a b l e  o f  g i v i n g  a c c u r a c i e s  w i t h i n  3% 
an d  p r e f e r a b l y  o f  r o b u s t  c o n s t r u c t i o n .
The m e th o d s  o f  o b t a i n i n g  t h e  r e q u i r e d  m easu rem en ts  w i l l  now b e  r e v i e w e d . 
D e t a i l s  o f  c a l i b r a t i o n  p r o c e d u r e s  and  c a l i b r a t i o n  c u r v e s  a r e  g iv e n  i n  Annexe A 
t o  t h i s  c h a p t e r .
( a )  Flow r a t e . Flow r a t e  m easu rem en ts  w e re  made b y  u s i n g  an  o r i f i c e  
p l a t e .  The o r i f i c e  p l a t e  was u s e d  w i t h  p r e s s u r e  t a p p i n g s  o f  t h e  ”D and
t y p e  and  co n fo rm ed  i n  a l l  r e s p e c t s  t o  B .S .  104-2, An o r i f i c e  p l a t e  sy s te m  was
c h o se n  t o  p e r m i t  t h e  p l a t e s  t o  b e  ch a n g ed  q u i c k l y  and  e a s i l y  i n  t h e  e v e n t  o f  
damage by  c a v i t a t i o n .  In  f a c t  no su ch  damage was o b s e r v e d .
The u s e  o f  an o r i f i c e  p l a t e  f o r  f lo w  m e a su rem en ts  o f  t h i s  t y p e  r e q u i r e s  
t h a t  t h e  f lo w  s h a l l  be  s i n g l e - p h a s e  a t  t h e  o r i f i c e  p l a t e .  The c o n d i t i o n s  o f  
p r e s s u r e  and  t e m p e r a t u r e  i n  t h e  r e g i o n  o f  t h e  o r i f i c e  p l a t e  d u r i n g  o p e r a t i o n  
o f  t h e  s y s te m  w ere  su ch  t h a t  t h e  w a t e r  was i n  a  s u b c o o l e d  s t a t e .  From t h i s  
o b s e r v a t i o n ,  c o u p le d  w i th  t h e  r e s u l t s  o f  t h e  c a l i b r a t i o n  L e s t s ,  i t  w ould  seem 
t h a t  t h e  u s e  o f  an u r i f i c ; e  p l a t e  d e s i g n e d  t o  B . S . 1042 i s  j u s t i f i e d  i n  t h i s  c a se
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T h is  o b s e r v a t i o n  d o es  n o t  o f  c o u r s e  p r e c l u d e  t h e  e v o l u t i o n  o f  v a p o u r  
a t .  some p o i n t  i n  t h e  f lo w  b e tw e e n  t h e  o r  i f : '  ce  p l a t e  an d  t h e  n o z z l e  e n t r a n c e .
Two s i z e s  o f  o r i f i c e  p l a t e  w ere  u s e d  w i th  a  w a t e r  o v e r  m e rc u ry  m anom eter  
s y s te m  and  c a l i b r a t i o n  c u r v e s  f o r  t h e s e  a r e  i n c l u d e d  a t  Annexe A. The 1 . 2 3 6 ” 
o r i f i c e  p l a t e  was u s e d  w i t h  0 . 5 ” ( 1 .2 7  mm) b o r e  n o z z l e s  and  t h e  1 . 8 2 6 ” w i t h  
a l l  o t h e r  n o z z l e s .  M easu rem en ts  o f  f lo w  r a t e s  u n d e r  t h e  same c o n d i t i o n s  
g av e  t h e  same v a l u e s  w i t h  e i t h e r  o r i f i c e  p l a t e .
( b )  L i q u i d  ■ B u lk  Tempera t u r e  . L i q u i d  t e m p e r a t u r e s  w e re i r e a s u r e d  u s i n g  
a  good q u a l i t y  m e rc u ry  i n  g l a s s  th e rm o m e te r  i n s t a l l e d  i n  t h e  p o s i t i o n  shown 
i n  F ig  6 .1  t o  m ee t  t h e  r e q u i r e m e n t s  o f  B . S . 104-1. A l th o u g h  t h e  u s e  o f  a  
th e rm o m e te r  i n t r o d u c e s  a  c o n s i d e r a b l e  l a g  i n  t e m p e r a t u r e  r e a d i n g s ,  t h e  th e r m o ­
m e t e r  s y s te m  was fo u n d  t o  b e  a s  a c c u r a t e  a s  t h e rm o c o u p le  s y s te m s  o f  c o m p a ra b le  
c o s t .  The th e r m o m e te r  h a s  t h e  a d v a n ta g e  o f  b e i n g  d i r e c t  r e a d i n g  w i t h o u t  t h e  
a d d i t i o n a l  c o m p l i c a t i o n  o f  e l e c t r o n i c  s y s te m s  o p e r a t i n g  i n  a  damp a tm o s p h e r e .  
C a l i b r a t i o n s  and  c o r r e c t i o n  f a c t o r s  a r e  a g a in  g iv e n  i n  Annexe A.
( c )  P r e s s u r e  Drop a c r o s s  T e s t  S e c t i o n s .  The d e f i n i t i o n  o f  c r i t i c a l  
f l a s h i n g  f lo w  a s  a  mass l i m i t i n g  f lo w  i m p l i e s  t h a t  e x p e r i m e n t a l  d e t e r m i n a t i o n  
o f  s u c h  c r i t i c a l  f lo w  r a t e s  w i l l  a l s o  r e q u i r e  m easu rem en ts  o f  t h e  p r e s s u r e  d ro p  
a c r o s s  t h e  n o z z l e s .
From F ig  6 . 3 ,  p r e s s u r e  t a p s  a r e  p r o v i d e d  1 . 5 ” (37 mm) u p s t r e a m  and
dow nstream  o f  t h e  t e s t  s e c t i o n .  E ach  s e t  o f  t a p p i n g s  c o n s i s t s  o f  3 t a p s
s p a c e d  e q u a l l y  i n  t h e  same p l a n e .  T h e s e  s e t s  o f  t a p p i n g s  w e re  each  c o n n e c t e d
2
t o  a  B ourdon t u b e  p r e s s u r e  gau g e  r e a d i n g  ;from 0 t o  7 . 0  b a r  (0  t o  100 l b / i n  ) .  
The g au g e s  w e re  o f  a  h ig h  q u a l i t y  t e s t  t y p e  w i th  a m a n u f a c t u r e r ' s  a c c u r a c y  o f  
_t 0 .0 5  b a r .
C o p ie s  o f  t h e  m a n u f a c t u r e r ' s  c a l i b r a t i o n  a r e  a t  Annexe A.
(d )  P r e s s u r e D i s t r i b u t i o n . P r e s s u r e  d i s t r i b u t i o n s  w e re  d e t e r m in e d
by an a x i a l  p r o b e  s y s t e m .  The p r o b e  d e s i g n  i s  shown i n  F ig  6.4- and  P l a t e s  6 . 3 .  
The p r o b e s  fo rm  a  s e t  o f  v a r i o u s  l e n g t h s  and c o u ld  b e  t r a v e r s e d  i n  t h e  v e r t i c a l  
p l a n e  by a  t r a v e r s i n g  m echanism  ( p l a t e  6 . 4 ) ,  The v a r i o u s  l e n g t h s  o f  p r o b e  
g av e  p o s i t r o n s  o f  t h e  t a p p i n g s  from  0 .2 5  in c h  (G. 5 mm) b e h i n d  tl^u ; vo.:./.!;:: cxû, L
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t o  0 , 5  i n c h  (12 mm) n p s t r e a m  o f  t h e  n o z z l e  e x i t ,  Tlie d e s i g n  o f  t h e  p r o b e s  
f o l l o w s  t h e  fo rm  o f  t h e  N .P .L .  p i t o t  t u b e s  ( t h o u g h ,  o f  c o u r s e ,  w i t h  no 
s t a t i c  p r e s s u r e  t a p ) .  The en d s  o f  t h e  p r o b e s  w ere  c o n n e c t e d  t o  a  B ourdon 
t u b e  t y p e  p r e s s u r e  t e s t  g a u g e .  R esp o n se  t i m e  f o r  t h e  s y s t e m  was j u d g e d  t o  
b e  a b o u t  10 s e c o n d s .
The t r a v e r s i n g  m ech an ism  p e r m i t t e d  a c c u r a t e  p o s i t i o n i n g  o f  t h e  p r o b e s  
w i t h i n  1 mm ( 0 ,0 4  i n c h ) ,  a l t h o u g h  some v i b r a t i o n  o f  p r o b e  t i p s  i n  t h e  f lo w  
was n o t e d .
A l th o u g h  n o  a c t u a l  c a l i b r a t i o n  t e s t s  w e re  r u n ,  s p e c i a l  p r o b e s  w ere  
c o n s t r u c t e d  t o  g i v e  a  t r a v e r s e  i n  t h e  p l a n e  o f  t h e  u p s t r e a m  a n d  d o w n s tre am  
p r e s s u r e  t a p s .  T r a v e r s e s  w i t h  t h i s  p r o b e  g av e  p r e s s u r e  r e a d i n g s  i d e n t i c a l  
t o  t h o s e  fro m  t h e  w a l l  t a p ,  a f t e r  a l l o w a n c e  was made f o r  g au g e  r e a d i n g  e r r o r s .  
T h ese  w ere  r e g a r d e d  a s  s u p p o r t i n g  t h e  u s e  o f  t h e s e  p r e s s u r e  p r o b e s  t o  o b t a i n  
l o c a l  p r e s s u r e s  i n  t h e  f l o w s .
( e )  D i s s o l v e d  G a s e s . The r a t e  o f  b u b b l e  f o r m a t i o n  i n  a f l a s h i n g  l i q u i d  
i s  known t o  be  a f f e c t e d  by  t h e  p r e s e n c e  o f  d i s s o l v e d  g a s e s .  F o r  t h i s  r e a s o n  
an  a n a l y s i s  f o r  t h e  p r e s e n c e  o f  d i s s o l v e d  oxygen  was c a r r i e d  o u t  u s i n g  t h e  
" W in k le r  t e s t " .
2Sam ples  o f  w a t e r  a t  p r e s s u r e s  up t o  4 b a r  (60 l b / i n  ) a n d  t e m p e r a t u r e s  o f  
up t o  140 w e re  drawn fro m  a  t a p p i n g  s i t u a t e d  n e a r  t h e  t h e r m o m e t e r  p o c k e t  and  
a n a l y s e d  f o r  t h e  p r e s e n c e  o f  d i s s o l v e d  o x y g e n .  The s a m p l in g  a p p a r a t u s  i s  
shown i n  F ig  6 .6  and  p l a t e  6 . 5 .  The l i n e s  a r e  h e a v y  d u t y  f l e x i b l e  s te a m  
t u b i n g  and  t h e  s y s t e m  h a s  c o p p e r  f i t t i n g s .
D e t a i l s  o f  t h e  W in k le r  t e s t  t h e o r y  a r e  g iv e n  i n  Annexe A.
I n  o p e r a t i o n  t h e  s a m p l in g  s y s te m  was s e t  up a s  shown i n  F ig  6 . 6 ( a ) .
The two g l a s s  am p o u les  f o r  t h e  t e s t  w e re  p l a c e d  i n  t h e  s a m p l i n g  v e s s e l  as  
shown i n  F ig  6 . 6 ( b ) .  The s a m p l in g  v e s s e l  was e v a c u a t e d  and  f i l l e d  w i t h  n i t r o g e n ,  
t h e  e v a c u a t i o n  and  f i l l i n g  c y c l e  b e i n g  r e p e a t e d  4 t i m e s  t o  p u r g e  t h e  a i r  f r c r  
t h e  s y s te m .  The system, was p r e s s u r i s e d  w i t h  n i t r o g e n  and  t h e  p r e s s u r e  d i f f e r e n c e  
b e tw e en  t h e  s a m p l in g  v e s s e l  and  t h e  4"  l i n e  r e d u c e d  t o  O .S lv a r .  By o p e n in g  t h e
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v a r i o u s  v a i v e s ,  t h e  w a t e r  sa m p le  f lo w e d  f ro m  t h e  l i n e  t o  t h e  s a m p l in g  v e s s e l .
When t h e  p r e s s u r e s  i n  v e s s e l  and  l i n e  h ad  e q u a l i s e d  t h e  s a m p l in g  v e s s e l  was 
i s o l a t e d .  The c r u s h i n g  d i s c  was t h e n  s c re w e d  down o n t o  t h e  g l a s s  p h i a l s  
u n t i l  t h e y  b r o k e .  Some 100 s w ere  t h e n  a l l o w e d  f o r  m ix in g  an d  t h e  w a t e r  
sam p le  was rem oved  t h r o u g h  t h e  d r a i n  t a p  y 5 ml A n a la r  s u l p h u r i c  a c i d  
ad d e d  t o  t h e  sam p le  % an d  a  s t a r c h  s o l u t i o n  i n d i c a t o r  i s  t h e n  a d d e d .  I f  t h e  
s o l u t i o n  d o es  n o t  t u r n  b l u e  g a known q u a n t i t y  o f  i o d i n e  may b e  ad d e d  u n t i l  
t h e  s o l u t i o n  d o es  h a v e  a  b l u e  c o l o u r .
The sa m p le  i s  t h e n  t i t r a t e d  w i t h  O . fO l  ml Sodium T h i o s u l p h a t e  s o l u t i o n  
and  t h e  q u a n t i t y  o f  d i s s o l v e d  o x y g en  c a l c u l a t e d  u s i n g  t h e  f o r m u l a e  g iv e n  i n  
Annexe A.
I n  t h e  c a s e  o f  t h e  b l a n k , u s e d  t o  e l i m i n a t e  t h e  e f f e c t s  o f  o x i d a n t s  
i n  t h e  s a m p le ,  o n l y  t h e  am poule  c o n t a i n i n g  r e a g e n t  A ( s e e  A nnexe)  i s  c r u s h e d  
u n d e r  p r e s s u r e .  The ampoul.e c o n t a i n i n g  r e a g e n t  B i s  c r u s h e d  and  t h e  c o n t e n t s  
ad d ed  a f t e r  t h e  A n a la r  s u l p h u r i c  a c i d .
6 . k O p e r a t i o n
I n  t h i s  s e c t i o n  t h e  g e n e r a l  o p e r a t i n g  p r o c e d u r e  f o r  t h e  r i g  i s  d e s c r i b e d .  
D e t a i l e d  i n f o r m a t i o n  on t h e  p a r t i c u l a r  p r o c e d u r e s  u s e d  f o r  e a c h  s e t  o f  e x p e r i m e n t s  
i s  g iv e n  a t  t h e  a p p r o p r i a t e  p o i n t  i n  C h a p te r  7 .
Assume t h a t  t h e  e x p e r i m e n t a l  a p p a r a t u s  s t a r t s  d ry  a t  a m b ie n t  t e m p e r a r u r e .
The s y s t e m  i s  f i l l e d  w i t h  w a t e r  by f i l l i n g  t h e  r e c e i v i n g  t a n k  w i t h  3 .5  m" 
o f  w a t e r  f rom  t h e  f e e d  p i p e .  The s i g h t  g au g e  on t h e  t a n k  p e r m i t s  t h e  am ount o f  
w a t e r  i n  t h e  t a n k  t o  b e  a d j u s t e d .  T h i s  w a t e r  i s  t h e n  pumped t h r o u g h  t h e  
r e t u r n  s y s te m  t o  t h e  m ain  p r e s s u r e  t a n k .  W ith  t h e  main p r e s s u r e  i s o l a t e d  by  
t h e  v a r i o u s  v a l v e s  f i t t e d ,  t h e  c o l d  w a t e r  i s  h e a t e d  by s t e a m  i n j e c t i o n .
T y p i c a l l y  a  f lo w  r a t e  o f  3 0 0 -1 0 0  k g / h r  h e a t e d  a  f u l l  t a n k  o f  w a t e r  ( a b o u t
3 .5  m^) f ro m  20 °C t o  110 i n  3 t o  1 h o u r s .
The t e m p e r a t u r e  o f  t h e  w a t e r  i n  t h e  t a n k  may be  d e t e r m i n e d  by  u s e  o f  t h e  
v a r i o u s  t h e r m o m e te r s  f i t t e d  t o  t h e  t a n k . No t e m p e r a t u r e  c o n t r o l  s y s te m  i s  
f l L t e d  t o  t h e  t a n k  and  t h e  a d j u s t m e n t  o f  t e m p e r a t u r e  t o  t h e  d e s i r e d  v a l u e
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d ep e n d s  e n t i r e l y  on t h e  s k i l l  o f  t h e  o p e r a t o r .  In- p r a c t i c e  t h e  t e m p e r a t u r e
c o u ld  be  s e t  t o  t  1
When t h e  w a t e r  t e m p e r a t u r e  h a s  r e a c h e d  t h e  d e s i r e d  v a l u e  t h e  ' s t e a m  s u p p l y
i s  s h u t  o f f  and  t h e  t a n k  p r e s s u r i s e d  by  t h e  a i r  c o m p r e s s o r  s y s t e m .  The
c o m p r e s s o r  s y s t e m  i s  f i t t e d  w i t h  an a u t o m a t i c  c o n t r o l  m echan ism  and  t h e
2p r e s s u r e  i n  -the s y s t e m  may be  s e t  t o  _+ 2 l b / i n  ( 0 . 1  b a r ) .
W ith  t h e  m ain  p r e s s u r e  t a n k  a t  t h e  d e s i r e d  t e m p e r a t u r e  and  p r e s s u r e  t h e
v a l v e s  i n  t h e  1 " . l i n e  c o n n e c t i n g  t h e  t a n k  t o  t h e  t e s t  s e c t i o n  and  r e c e i v i n g
t a n k  a r e  o p e n e d .  The m ain  p r e s s u r e  d ro p  i n  t h i s  l i n e  i s  a c r o s s  t h e  t e s t  s e c t i o n .
The p r e s s u r e  a t  t h e  p r e s s u r e  t a p s  . j u s t  u p s t r e a m  o f  t h e  n o z z l e  i s  n o r m a l l y  a b o u t  
20 . 5  b a r  (8 l b / i n  ) b e lo w  t h e  p r e s s u r e  i n  t h e  m ain  p r e s s u r e  t a n k . I n  n o rm a l  
o p e r a t i o n ,  b e f o r e  r e c o r d e d  r u n s ,  t h e  l i n e  v a l v e s  w e re  o p e n e d  w i t h  t h e  
m ain  p r e s s u r e  t a n k  a t  a  l o w e r  p r e s s u r e  o f  a b o u t  3 . 5 - 1  b a r ,  an d  t h e  s y s te m  r u n  
f o r  a b o u t  60 s .  T h i s  rem oved  c o l d ,  s t a g n a n t  w a t e r  f rom  t h e  l i n e s ,  h e a t e d  t h e  
s y s te m  a n d ,  h o p e f u l l y ,  i d e n t i f i e d  an y  p o o r  s e a l i n g  o r  d e f e c t s  i n  t h e  l i n e .
At n o rm a l  r a t e s  o f  f lo w  u s e d  f o r  t h e  e x p e r i m e n t s  a  f u l l  t a n k  o f  hea ted ,  
w a t e r  w o u ld  r e q u i r e  300 t o  100 s e c s ,  f o r  c o m p le te  d i s c h a r g e ,  h o w e v e r  t h e  
c o m p r e s s o r  s y s te m  c a n n o t  s u p p l y  s u f f i c i e n t  a i r  a t  p r e s s u r e s  ab o v e  6 b a r  t o  
m a i n t a i n  f lo w  f o r  s e v e r a l  m in u te s  and  so  e a c h  e x p e r i m e n t a l  r u n  i s  d i v i d e d  
i n t o  3 o r  1 s h o r t e r  r u n s  e a c h  o f  60 -  100 s .
B etw een  e a c h  s h o r t  r u n  t h e  u p p e r  v a l v e  i n  t h e  1 ” l i n e  i s  c l o s e d  an d  t h e  
s y s te m  a l lo w e d  t o  s e t t l e  f o r  a t  l e a s t  60 s .
When t h e  m ain  p r e s s u r e  t a n k  i s  e m p ty ,  t h e  s a f e t y  v a l v e  i s  o p en e d  t o  
d é p r e s s u r i s e  t h e  t a n k .  The w a t e r  i n  t h e  r e c e i v i n g  t a n k  i s  t h e n  pumped b a c k  t o  
t h e  m ain  p r e s s u r e  t a n k  and  r e h e a t e d  f o r  t h e  n e x t  r u n .  T y p i c a l l y ,  r e h e a t i n g  
t a k e s  a b o u t  1 h r  f o r  a  f u l l  t a n k .
D u r in g  t h e  o p e r a t i o n  o f  t h e  r i g  i t  was fo u n d  t h a t  1 o r  5 c o m p le te  r u n s ,  
e a ch  p r o d u c i n g  1 e x p e r i m e n t a l  p o i n t s ,  c o u ld  b e  a c h i e v e d  i n  one w o rk in g  d a y .
6 .5  C h a p t e r  C l o s u r e
T h is  c h a p t e r ,  t o g e t h e r  w i t h  i t s  A nnexe ,  h a s  d e s c r i b e d  t h e  e x p e r i m e n t a l  r i g  
and  i t s  o p e r a t i o n .  I'he r i g  an a  i t s  a t t e n d a n t  i n s l i ’u i ucj i i . c i l i o n  c o u l d  be u scd  t o
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o b t a i n  e x p e r i m e n t a l  d a t a  on c e r t a i n  a s p e c t s  o f  tw o - p h a s e  c r i t i c a l  f l a s h i n g  
f l o w .
C h a p t e r  7 w i l l  d e s c r i b e  t h e  m e th o d s  u s e d  i n  o b t a i n i n g  p a r t i c u l a r  d a t a  
an d  w i l l  p r e s e n t  t h e  d a t a  t h u s  o b t a i n e d .
ORIFICE PLATE CAIJBRaTION
Theoretical Calibration
T h e o r a t i c a l  O r i f i c e  P l a t e  C a l i b r a t i o n s  w e re  c a l c u l a t e d  from  
F o rm u la  3  o f  B .S .  10-12 f o r  an  o r i f i c e  p l a t e  w i t h  ”D a n d  D /2"  t a p n i n g s ,  
I n  a  s i n g l e  p h a s e  f l o w .  A llo v m n ce  was made f o r  a  w a t e r  o v e r  m e rc u ry  
m anom etero
The c a l i b r a t i o n  may be e x p r e s s e d  a s
 1
G -  A V 100
w h e re  G = m ass  f l o w  ( k g / s )
h  := h e a d  o f  m e r c u ry  (cm ) .
A i s  a  t e m p e r a t u r e  d e p e n d a n t  c o n s t a n t  t a b u l a t e d  b e lo w .
E xpe r i m e n t a l  C a l i b r a t i o n
The t h e o r e t i c a l  c a l i b r a t i o n s  f o r  t h e  two o r i f i c e  p l a t e s  w e re  c h e c k e d  
by  e x p e r i m e n t  f o r  " c o l d "  w a t e r  f lo w s^  i . e .  a t  6o^G. Due t o  t h e  d e s i g n  o f  
t h e  r i g  t h e  c a l i b r a t i o n s  f o r  f l o w s  w h e re  f l a s h i n g  t o o k  p l a c e ,  i . e .  a t  
t e m p e r a t u r e s  ab o v e  100°C , c o u l d  b e  c h e c k e d  o n l y  w i t h  l e s s  a c c u r a c y .
I n  a l l  c a s e s  t h e  c a l i b r a t i o n  was c h e c k e d  b y  s e t t i n g  t h e  f lo w  p a s t  
t h e  o r i f i c e  p l a t e  t o  some s t e a d y  v a l u e  an d  n o t i n g
( i )  t h e  o r i f i c e  p l a t e  m anom ete r  r e a d i n g
( l i )  t h e  c h a n g e  I n  l e v e l s  i n  t h e  r e c e i v i n g  t a n k  o v e r  a
known p e r i o d  ( u s u a l l y  6 0  o r  1 0 0 s ) .
H ence t h e  t r u e  f lo w  r a t e  Gij i s  g i v e n  by
„  1 A. X i  X s
b ’ "  *  - — t —
T4
‘w h e re  A ~ a r e a  o f  b a s e  o f  r e c e i v i n g  t a n k  -  4 . p 5  = 0 ,0 1
i  ■-= d i f f e r e n c e  i n  l e v e l s  i n  t a n k  a f t e r  t im e  t
s  “ d e n s i t y  o f  w a t e r
t  = l e n g t h  o f  r u n
X = m ass  f r a c t i o n  o f  t h e  f lo w  f l a s h e d  i n t o  v a p o u r  a s s u m in g
0  ornp 1 e tC: equ i  1 i  b r  iu m .
The m ass  f r a c t i o n  x  i s  c a l c u l a t e d  a s
X
Cp (T -  100)
h
f g
w h e re  C = s p e c i f i c  h e a t  o f  w a t e rp
T = t e m p e r a t u r e  o f  r u n
h ^ g  = s p e c i f i c  e n t h a l p y  f o r  p h a s e  ch an g e ,  
The m ass  f r a c t i o n  c a n  b e  t a b u l a t e d  a s :
T e m p e r a tu r e X
6 0 °C 0
120^^0 0 . 0 6
l^O^C 0 . 1 0
140°C 0 .1 4
The t r u e  an d  c a l c u l a t e d  f l o w  r a t e s  foi"' a  num ber o f  o r i f i c e  p l a t e  
r e a d i n g s  a r e  t a b u l a t e d  b e lo w  i n  T a b l e s  I I I  an d  IV f o r  b o t h  o r i f i c e  p l a t e s .
C o m p a r iso n  o f  Ca l i b r a t i o n s
B o th  e x p e r i m e n t a l  an d  t h e o r e t i c a l  c a l i b r a t i o n s  h a v e  b e e n  g r a p h e d .
T h a t  f o r  t h e  1 . 8 2  i n .  d i a m e t e r  o r i f i c e  p l a t e  on  G raph  I  and  f o r  t h e  1 .2 1  i n .  
d i a m e t e r  o r i f i c e  p l a t e  on  G raph  I I .
Prom t h e  c u r v e s  i t  i s  c l e a r  t h a t  t h e  e x p e r i m e n t a l  v a l u e s  o f  f l o w  r a t e  
a r e  c o n s i s t e n t l y  h i g h e r  t h a n  t h e  t h e o r e t i c a l  v a l u e s  c a l c u l a t e d  from  t h e  
o r i f i c e  p l a t e  p r e s s u r e  d r o p .
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However s i n c e  t h e  e s t i m a t e d  e r r o r  o n  t h e  t h e o r e t i c a l  c a l i b r a t i o n  
i s  2 ^  a n d  o n  t h e  e x p e r l r n e n t a ] ,  v a l u e s  a t  l e a s t  5 / t  t h e  t w o  c a l i b r a t i o n  
w e re  h e l d  t o  i:.<o c o n s i s t e n t - a n d  - th e  t h e o r e t i c a l  c a l i b r a t i o n s  u s e d  




W a te r  T e m p e r a tu r e
6 0 °C
lOO'^ C
1 0 5 °c
llO ^C
1 1 5 %
120%









1 5 . 5 2
1 5 . 4 9
15.46
1 5 . 4 4
15.40
1 5 . 3 6
1 5 . 3 3
1 5 . 3 0
15.26
T o l e r a n c e  on C a l i b r a t i o n
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TABLE i ;
ORIFICE PLATE DIAMETER . 2 3 6 "
T e m p e r a tu r e A
6o°C 7 . 0 8
1 0 0 % 6 . 9 9
105% 6 . 9 8
1 1 0 % 6 . 9 6
1 1 5 % 6 . 9 5
120% 6 .94
125% 6 .9 2
130% 6 . 9 0
1 3 5 % 6 . 8 9
l4o% 6 .87
145% 6 . 8 6
T o l e r a n c e  on C a l i b r a t i o n  -  2%
7 S
TABLE I I I
Comparison of C a l c u l a t e d  and. Experimental Calibrations 
for I.O2O in, diameter Orifice Plate













( k g / s
25 7 .8 8 11.4 8.1
32 8 .91 1 2 .6 9 .0
37 9 .5 9 13 .6 9 . 7
41 10.09 14.2 1 0 .1
47 10 .80 15 .2 10 .9
49 11 .03 1 5 .6 11 .1














30 8.46 11 .8 8.5
35 9 .1 3 12 .6 9 .2
42 10 .00 13.8 10 .0
47 10 .58 14.8 10.7
59 11 .86 1 6 .6 1 2 .0
65 12.45 17 „ 2 12 .5
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Mean Difference in 
Receiving Tank 
Levels, (cm)
True Mass Plow 
Rate 
( k g / s )
25 7 . 6 8 10.4 7.9
29 8 .2 7 1 1 .0 8 .3
30 8 , 4 1 11,4 8 . 5
35 9 .0 9 12.2 9.2
41 9 . 8 3 13.2 10 .0
48 10.64 1 4 . 0 1 0 . 5







Mean Difference in 
Receiving Tank 
Levels. (cm)
True Mass Plow 
Rate 
(kg/s)
23 7.34 9 . 6 7.5
29 8 . 2 4 10.8 8 .4
32 8 . 6 5 10.8 8.4
36 9.18 11.8 9 . 3
40 9 .68 1 2 .4 9 . 7
45 10.26 13 .2 1 0 . 3
s o
TABLE :rv
Comparison of Calculated and Experimental Calibrations 
for 1.236 in, diameter Orifice Plate.






( k g / s )
Mean Difference in 
Receiving Tank 
Levels (cm)
True Mass Plow 
Rate 
( k g / s )
8 2 . 0 0 4 .7 2 . 0
11 2.35 5 .8 2 .5
14 2 . 6 5 6 .3 2 .7
18 3 . 0 0 7 . 2 3 .1
21 3 . 2 5 7 .7 3 .3
32 4.00 9 .6 4.1







Mean Difference in 
Receiving Tank 
Levels. (cm)
True Mass Plow 
Rate
(kg/s)
12 2.40 5 .5 2 . 4
25 3.47 8 . 0 3„5
33 3 .9 9 9 . 2 4 . 0
37 4.22 9 .8 4 .3
42 4 . 5 0 10 .6 4.6
51 4 .96 11.5 5 .0
Ô1




Galouiared Mas s 
Flow Rate 
(kg/s)
Mean Difference in 
Receiving Tank 
Levels (cm)
True Mass Flow 
Rate
(kg/s)
14 2.58 5 .8 2,6
27 3.58 E3.2 3 .7
36 4 .14 9.6 4 .3
4 l 4/42 9.8 4-. 4
53 5.02 11 .3 5.1
59 5.30 11.8 5 .3







Mean Difference in 
Receiving Tank 
Levels. (cm)
True Mass Flow 
Rate
(kg/s)
15 2.66 5.8 2 .7
21 3.15 6.6 3,1
29 3.70 8 .0 3 .7
35 4.06 9 .0 4.2
41 4.4o 9 .6 4 .5
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Thermometer Calibration
The th e r m o m e te r s  u s e d  w e re  G r i f f i n  and  G eorge t y p e  G P 1 5 0 c /1 0 0 .  T hese  
t h e rm o m e te r s  a r e  a  g e n e r a l  p u r p o s e  t y p e  c o n f o rm in g  t o  B .S .  170T and  d e s i g n e d  
f o r  p a r t i a l  im m e rs io n  t o  a  d e p th  o f  100 mm. The t e m p e r a t u r e  r a n g e  f o r  t h i s  
t y p e  o f  t h e r m o m e te r  i s  -  5 °C  t o  f  150 °C by 1 °C s t a g e s  w i t h  a  maximum 
e r r o r  o f  0 . 8
The th e r m o m e te r s  w e re  s e t  i n  a  th e r m o m e te r  p o c k e t  i n s e r t e d  2 | "  (50  mm) 
i n t o  t h e  f 1 ow, p e r p e n d i c u l a r  t o  t h e  a x i s .  The t o t a l  l e n g t h  o f  t h e  th e r m o m e te r  
p o c k e t  i s  4 ^ ” (106  mm). The p o c k e t  i s  c o n s t r u c t e d  o f  c o p p e r  t u b i n g  i?” ( 6  mm) 
i n t e r n a l  d i a m e t e r  and  w a l l  t h i c k n e s s  g" (3  mm). The p o c k e t  i s  f i l l e d  w i t h  o i l  
t o  a  d e p th  o f  100 mm ( 4 " ) .  The th e r m o m e te r  p o c k e t  w i l l  i n t r o d u c e  an  e r r o r  i n  
t h e  th e r m o m e te r  r e a d i n g .  B . S . 1704 r e f e r s  t o  c o r r e c t i o n  t a b u l a t e d  i n  "D er Chemie 
I n g e n e u r "  Vol 2 p 9 8 .
From t h i s  r e f e r e n c e  i t  w o u ld  seem t h a t  t h e  e r r o r  i n t r o d u c e d  b y  t h e  u s e  o f  
t h i s  t h e rm o m e te r  p o c k e t  w i l l  b e  l e s s  t h a n  0 . 2  *^ 0 .
F o r  t h i s  r e a s o n  t h e  e r r o r  i n  t e m p e r a t u r e  m easu rem en t  was t a k e n  a s  1 °C 
f o r  a l l  r e a d i n g s .
The l a r g e  t h e r m a l  c a p a c i t y  o f  t h e  th e rm o m e te r  and  t h e r m o m e te r  p o c k e t  w i l J  
i n t r o d u c e  a  r e s p o n s e  l a g  f o r  t e m p e r a t u r e  v a l u a t i o n s . A l th o u g h  t h e  l a g  w i l l  v a r y  
w i t h  t h e  m a g n i tu d e  o f  t e m p e r a t u r e  v a r i a t i o n ,  f rom  t h e  t e s t s  on  t h e  r i g  i t  was 
fo u n d  t h a t  a  t im e  a l l o w a n c e  o f  30 s e c s  was s u f f i c i e n t  f o r  t h e  th e rm o m e te r  
s y s te m  t o  r e g i s t e r  t e m p e r a t u r e  c h a n g e s .
P r e s s u r e  Gauge C a l i b r a t i o n
The p r e s s u r e  g a u g e s  u s e d  w e re  p r e s s u r e  t e s t  g a u g e s  o f  B ourdon  t u b e  t y p e  
r e a d i n g  i n  t h e  r a n g e  0 t o  7 .0  b a r .  The g au g e s  w e re  m a n u f a c t u r e d  b y  t h e  
Bourdon Gauge Company and  c o p i e s  o f  t h e  Company t e s t  c e r t i f i c a t e s  a r e  i n c l u d e d  
i n  t h i s  A nnexe. T h ese  t e s t  c e r t i f i c a t e s  show t h a t  t h e  g a u g e s  a r e  a c c u r a t e  t o  
0 . 0 1  b a r .  The u s e  t o  w h ich  t h e  p a r t i c u l a r  g au g e s  w e re  p u t  : s shown on t h e  
t e s t  c e r t i f i c a t e .  The c a l i b r a t i o n s  w e re  c h e c k e d  on a  d e a d - w e i g h t  t e s t e r  a f t e r  
t h e  e x p e r i m e n t a l  program m e was c o m p le te  and  w ere  fo u n d  t o  b e  u n ch a n g ed  w i t h  0 . 0 1  b<
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H ow ever s i n c e  t h e  e s t i m a t e d  erx’o r  on t h e  t h e o r e t i c a l  c a l i b x ^ a t io n  
i s  2 ^  an d  on t h e  e x p e r i m e n t a l  v a l u e s  a t  l e a s t  t h e  two c a l i b r a t i o n s
w e re  h e l d  t o  be c o n s i s t e n t - a n d - 4 : h e  t h e o r e t i c a l  c a l i b i ' a t i o n s  u s e d  
t h r o u g h o u t  t h e  e x p e r i m e n t a l  w o rk .
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The e r r o r  on p r e s s u r e  gauge  r e a d i n g s  was t a k e n  a s  0 .0 5  b a r  and no 
c o r r e c t i o n s  w e re  made t o  n o m in a l  v a l u e s .
The W in k le r  T e s t
In  a  f l a s h i n g - f l o w  s i t u a t i o n ,  t h e  p r e s e n c e  o f  d i s s o l v e d  g a s e s  i n  t h e  
l i q u i d  p h a s e  may a f f e c t  t h e  f lo w  r a t e .  As t h e  l o c a l  p r e s s u r e  on t h e  l i q u i d  
s u r f a c e  i s  r e d u c e d  some o f  t h e  d i s s o l v e d  g as  w i l l  come o u t  o f  s o l u t i o n ,  t h u s  
i n c r e a s i n g  t h e  v o i d a g e  o f  t h e  f l o w .  F o r  t h i s  r e a s o n  m e a s u re m e n ts  o f  t h e  q u a n t i t i e s  
o f  d i s s o l v e J  g a s e s  w e re  m ade. T h ese  d i s s o l v e d  g a s e s  a r e ,  o f  c o u r s e ,  a  m i x tu r e  
o f  n i t r o g e n ,  o x y g e n ,  c a r b o n  d i o x i d e ,  and  t r a c e s  o f  o t h e r  g a s e s .
F o r  g iv e n  c o n d i t i o n s  o f  t e m p e r a t u r e ,  p r e s s u r e  an d  d i f f u s i v i t y  c o e f f i c i e n t s ,  
i t  i s  p o s s i b l e  t o  a n a l y s e  t h e  sam p le  p u r e l y  f o r  oxy g en  and  r e l a t e  t h i s  t o  t o t a l  
g a s  c o n t e n t .  The m e th o d  u s e d  was a  m o d i f i e d  v e r s i o n  o f  t h e  c l a s s i c a l  W in k le r  
m e th o d ,  w h ich  makes u s e  o f  t h e  f a c t  t h a t  a  s u s p e n s i o n  o f  m anganous h y d r o x i d e  i s  
r a p i d l y  o x i d i s e d  by  d i s s o l v e d  oxygen  t o  a  m an g an o -m an g an ic  h y d r o x i d e , w h ich  
i n  a c i d  s o l u t i o n ,  r e a c t s  w i t h  p o t a s s i u m  i o d i d e  t o  l i b e r a t e  i o d i n e ,  t h e  l a t t e r  
b e i n g  m e a s u re d  b y  t i t r a t i o n  w i t h  sodium, t h i o s u l p h a t e  i n  t h e  p r e s e n c e  o f  s t a r c h  
a s  an i n d i c a t o r .
F o r  r e a s o n a b l y  a c c u r a t e  m easu rem en t  o f  d i s s o l v e d  o x y g e n ,  t h e  n o rm a l  
W in k le r  m ethod  h a s  t h r e e  i m p o r t a n t  s o u r c e s  o f  i n a c c u r a c y :
( i )  d i s s o l v e d  oxy g en  i n t r o d u c e d  by  t h e  r e a g e n t s  ;
( i i )  t h e  s t a r c h / i o d i n e  b l u e  com plex  d o e s  n o t  a p p e a r  u n t i l  an 
a p p r e c i a b l e  c o n c e n t r a t i o n  o f  i o d i n e  i s  p r e s e n t *
( i i i )  i t  makes no  a l l o w a n c e  f o r  t h e  p r e s e n c e  o f  o x i d i s i n g  o r  r e d u c i n g  
a g e n t  i n  t h e  t e s t  s a m p l e .
The W in k le r  r e a c t i o n s  may b e  e x p r e s s e d  a s
( a )  2 M n(22) + 40H" 2 Mn (OH)
(b )  2 MnCOH)^ t  t  H^O ->■ 2 Mn(OH)
( c )  2 Mn(OH)^ 1  2 l "  t  -r 2 M n ( l l )  -i- t  6 H 0 .
The i o d i n e  r e l e a s e d  i s  t h e r e f o r e  p r o p o r t i o n a l  t o  t h e  d i s s o l v e d  oxygen  o r i g i n a l l y
p r e s e n t  i n  t h e  s o l u t i o n ,  and  t h e  a c t u a l  o x i d i s e d  fo rm  o f  t h e  m anganese  d o e s  n o t
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a f f e c t  t h e  am ount o f  i o d i n e  l i b e r a t e d .
F o r  t h e  a n a l y s i s ,  t h e  r e a g e n t s  c o n s i s t e d  o f  t h e  f o l l o w i n g  
r e a g e n t  (A) P o ta s s iu m  h y d r o x i d e )
P o ta s s iu m  i o d i d e  i ( d i s s o l v e d  i n  w a t e r )
Sodium  A s id e
r e a g e n t  (B) M anganous c h l o r i d e  ( d i s s o l v e d  i n  w a t e r )
r e a g e n t  (C) A n a la r  s u l p h u r i c  a c i d .  ^
I n  t h i s  c a s e  r e a g e n t s  A a n d  B w e re  u s e d  i n  t h e  fo rm  o f  p r o p r i e t a r y  
s o l u t i o n  s e a l e d  i n  2 ml g l a s s  a m p o u le s .  The s o l u t i o n s  a r e  made up w i t h  
" a i r - f r e e ” d i s t i l l e d  w a t e r  b y  t h e  m a n u f a c t u r e r s ;  B r i t i s h  D rug  H ouses  L t d ,
The m o s t , s e r i o u s  p ro b le m  e n c o u n t e r e d  w i t h  t h e  c l a s s i c a l  W in k le r  m ethod  
was t h e  i n t e r f e r e n c e  c a u s e d  b y  o x i d i s i n g  a g e n t s  p r e s e n t  i n  t h e  w a t e r  w h ic h  
r e s u l t e d  i n  an i n c r e a s e  i n  t h e  f i n a l  i o d i n e  c o n c e n t r a t i o n ,  and  h e n c e  h i g h  
e s t i m a t i o n s  o f  d i s s o l v e d  oxygen  c o n t e n t .
T h i s  p ro b le m  was overcom e by  t h e  em ploym ent o f  t h e  r e v e r s e d  r e a g e n t s  
t e c h n i q u e .  I n  t h e  o r d i n a r y  W in k le r  m e th o d ,  t h e  r e a g e n t s  w e re  ad d e d  i n  t h e  
o r d e r  (A) -  (B) -  (C ) .  I n  t h e  r e v e r s e d  r e a g e n t s  t e c h n i q u e  tw o s a m p le s  a r e  
t a k e n ,  one o f  w h ich  s e r v e s  a s  a  b l a n k .  The f i r s t  one  ( t h e  s a m p le )  i s  t r e a t e d  
a s  a b o v e ,  t h e  s e c o n d  ( t h e  b l a n k )  h a s  t h e  r e a g e n t s  ad d e d  i n  t h e  o r d e r  
(A) -  (C) -  (B ) .  The e q u a t i o n s  o f  t h e  W in k le r  r e a c t i o n s  show t h a t  
i o d i n e  p r o d u c e d  i n  sam p le  = d i s s o l v e d  oxygen  + ( e f f e c t  o f  o x i d i s i n g  a g e n t s
4 r e a g e n t  i m p u r i t i e s )
i o d i n e  p r o d u c e d  i n  b l a n k  = e f f e c t  o f  o x i d i s i n g  a g e n t s  4 e f f e c t  o f  r e a g e n t  im p u r i t :  
T h i s  i s  b e c a u s e  n o  m anganous h y d r o x i d e  i s  fo rm e d  i n  t h e  b l a n k  and  t h e  d i s s o l v e d  
oxygen  r e a c t i o n s  a r e  t h e r e f o r e  e l i m i n a t e d .  T h e r e f o r e  a m e a s u r e  o f  t h e  d i s s o l v e d  
ox ygen  a l o n e  s h o u l d  b e  o b t a i n e d  when t h e  s e c o n d  t i t r a t i o n  i s  s u b t r a c t e d  from  t h e  
f i r s t .
T h i s  d o u b le  t i t r a t i o n  i s  a l s o  a  m ethod  o f  r e d u c i n g  t h e  e r i ' o r  a r i s i n g  from  
t h e  u s e  o f  s t a r c h  a s  an  e n d - p o i n t  i n d i c a t o r .  I f  t h e  c o n c e n t r a t i o n  o f  i o d i n e  
n e e d e d  t o  d e v e lo p  t h e  b l u e  c o l o u r  ' i s  c o n s t a n t  t h e n  t h e  e r r o r  w o u ld  b e  e x p e c t e d
M8Ô-
t o  c a n c e l .  The c o n c e n t r a t i o n  o f  o x y g e n ( i n  p . p . m . )  d i s s o l v e d  i n  t h e  sam p le  i s  
c a l c u l a t e d  by  t h e  f o l l o w i n g  m e t h o d : -
U s in g  r e a c t i o n ' e q u a t i o n s :
(b )  2 Mn(OH) + sOg + H^O 2 Mn(OH)^
( c )  2 Mn(OH) 4 2 l "  4 6 H’^' 2 Mn 4 4 6H^0.
From t h e  ab o v e  e q u a t i o n s  i t  can  be  s e e n  t h a t  f o r  e a c h  m ole  o f  o x ygen  p r e s e n t  
i n  t h e  s a m p le ,  two m o le s  o f  i o d i n e  a r e  l i b e r a t e d .
The e q u a t i o n  f o r  t h e  r e a c t i o n  o f  so d iu m  t h i o s u l p h a t e  w i t h  i o d i n e  i s
( d )  2 Ha^S^O^ t  Ig  -i- Na^ 0^  4 2N aI.
From t h i s  e q u a t i o n  i t  c a n  be  s e e n  t h a t  one  mole o f  i o d i n e  i s  a c t e d  upon b y  • 
two m o le s  o f  t h i o s u l p h a t e .
By c o m b in in g  e q u a t i o n s  ( b ) ;  ( c )  and  ( d )  i t  c a n  b e  s e e n  t h a t  e a c h  m ole o f  
t h i o s u l p h a t e  u s e d  f o r  t i t r a t i o n  r e p r e s e n t s  t h e  i n i t i a l  p r e s e n c e  o f  o n e - q u a r t e r  
o f  a  m ole o f  d i s s o l v e d  oxygen  i n  t h e  s a m p le .  The sod ium  t h i o s u l p h a t e  u s e d  f o r  
t i t r a t i o n  h a d  a  n o r m a l i t y  o f  0 . 0 0 1  N.
1 m ole  o f  so d iu m  t h i o s u l p h a t e  r e p r e s e n t s  t h e  p r e s e n c e  o f  0 .2 5  m ole o f  0 ^ .  
. ' . 0 . 0 0 1  m o les  o f  so d iu m  t h i o s u l p h a t e  r e p r e s e n t s  t h e  p r e s e n c e  o f  0 .2 5 x 1 0  m o les
o f  0 ^ .
. ' . 0 .0 0 0 0 0 1  " " " " " . " " '« 0 .2 5 x 1 0 ^ ^0 .2 5 x 1 0  m o le s
o f  0 ^ .
I f  t h e  q u a n t i t y  o f  t h i o s u l p h a t e  u s e d  i s  Y m l . ,
t h e n  q u a n t i t y  o f  0^ p r e s e n t  i s  0 .2 5  x Y x 10 ~ m o le s .
. ‘ . w e i g h t  o f  0^ p r e s e n t  = 0 .2 5  x 32 x Y x 10^ gm.
= 8 X  Y x 10  gm.
I f  t h i s  c o n t a i n e d  i n  3 ml o f  s a m p le ,  t h e n  c o n c e n t r a t i o n  o f  oxygen
_ £  X Y X 1 0 “ ^ X 10^
3
' 8  X Y X 1 0 " ^  ,= ----- —— ----—  g m / l i t r e .
1  l i t r e  o f  w a t e i ’ w e ig h s  1 0 0 0  gm
~3 3
. ' . c o n c e n t r a t i o n  o f  o x ygen  i n  p . p .m .  = ï- p .p  .m,
-6 7 -
Calibration of the test apparatus is, of course, difficult but a set 
of 4 analyses of tap water at atmospheric pressure gave dissolved oxygen 
values o f  4 p.p.m., which is within the normal r a n g e  of values. This was 
taken as indicating that the analysis technique was acceptable. No 
further "calibration” was carried out.
Chapter 7 - Presentation of Data, from the Experimental Study
7 .1  I n t r o d u c t i o n
The a p p a r a t u s  d e s c r i b e d  i n  C h a p te r  6  was u s e d  t o  p r o v i d e  e x p e r i m e n t a l  d a t a  
on t h e  c r i t i c a l  f l a s h i n g  f lo w  o f  w a t e r .  I n  t h i s  c h a p t e r  t h e  e x p e r i m e n t a l  d a t a  
o b t a i n e d  i n  t h i s  s t u d y  i s  p r e s e n t e d  and  d i s c u s s e d  i n  s e c t i o n s  7 . 2 , 7 . 3 , 7 . 4 , 7 . 5 ,  
t o g e t h e r  w i t h  m ore d e t a i l e d  n o t e s  on t h e  m eth o d s  u s e d  t o  o b t a i n  t h e  d a t a .
7 . 2 C ^ j J ^ d _ . F l o w _ ^ a l e ^
S t u d i e s  w e re  c a r r i e d  o u t  on t h e  e f f e c t  on r a t e s  o f  c r i t i c a l  f l a s h i n g  f lo w  
o f  ( 1 ) w a t e r  t e m p e r a t u r e ,
( 2 ) n o z z l e  e n t r a n c e  s h a p e ,
(3 )  n o z z l e  — r a t i o ,
u s i n g  t h e  s e t s  o f  m e t a l  and  g l a s s  n o z z l e s  d e s c r i b e d  i n  s e c t i o n  6 .2  o f  C h a p te r  6 . 
The p r o c e d u r e  u s e d  t o  o b t a i n  v a l u e s  o f  t h e  c r i t i c a l  f lo w  r a t e  i s  d e t a i l e d  i n  
t h e  n e x t  p a r a g r a p h .
When t h e  d e s i r e d  w a t e r  t e m p e r a t u r e  had  b e e n  o b t a i n e d  i n  t h e  m ain  p r e s s u r e  
t a n k ,  t h e  t a n k  p r e s s u r e  was s e t  t o  4 .5  t o  5 b a r  a n d  a 60 t o  100 s  r u n  c a r r i e d  
o u t  a s  d e s c r i b e d  i n  s e c t i o n  6 . 4 ,  t h e  r e a d i n g s  on t h e  o r i f i c e  p l a t e  m an o m ete r ,  
t h e  th e r m o m e te r  and  t h e  p r e s s u r e  on t h e  g a u g e s  u p s t r e a m  and  d o w n s tre am  o f  t h e  
n o z z l e  t e s t  s e c t i o n  a l l  b e i n g  n o t e d .  The p r e s s u r e  i n  t h e  m ain  t a n k  was t h e n  
i n c r e a s e d  f o r  t h e  s e c o n d  100 s  r u n  n o t i n g  t h e  same p a r a m e t e r s .  T h is  i n c r e a s e  
i n  m ain  t a n k  p r e s s u r e  p r o d u c e s  an  i n c r e a s e  i n  p r e s s u r e  d ro p  a c r o s s  t h e  n o z z l e .
F o r  e a ch  r u n  t h e  c a l c u l a t e d  m ass  f lo w  r a t e  fro m  t h e  o r i f i c e  p l a t e  r e a d i n g  i s  
p l o t t e d  a g a i n s t  t h e  p r e s s u r e  d ro p  a c r o s s  t h e  n o z z l e .  As t h e  r u n s  a r e  c o n t i n u e d  
w i t h  v a r i o u s  p r e s s u r e  d ro p s  a c r o s s  t h e  n o z z l e  t h i s  g r a p h  b e g i n s  t o  t a k e  t h e  
fo rm  shown i n  F i g  7 . 1 .  As t h e  p r e s s u r e  d ro p  a c r o s s  t h e  n o z z l e  i n c r e a s e s  t h e  
m ass f lo w  r a t e  i n c r e a s e s  up t o  a l i m i t i n g  v a l u e .  By e x a m in in g  t h e  p l o t  o f  t h e  
d a t a ,  t h e  r e g i o n  i n  w h ich  t h e  m ass  f lo w  r a t e  r e a c h e s  t h e  l i m i t i n g  v a l u e  can  be 
n o t e d .  The c r i t e r i a  u s e d  b e i n g  t h a t  t h e  v a l u e s  o f  m ass f lo w  r a t e  do n o t  i n c r e a s e  
by  more t h a n  5% f o r  a p r e s s u r e  i n c r e a s e  o f  0 , 5  b a r .  A l l  th e '  v a l  u.c? o f  ma^c f  I -t-î 
r a t e , f o r  p r e s s u r e  d r o p s  a b o v e  t h e  esLijnaLed minimum f o r  t h e  l i m i t i n g  m ass f l e w  
r e g i o n ,  a r e  u s e d  t o  c a l c u l a t e  a  mean and  s t a n d a r d  d e v i a t i o n .  T h i s  mean v a lu e
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i s  r e g a r d e d  a s  t h e  c r i t i c a l  mass f lo w  r a t e  f o r  t h e  n o z z l e  a t  t h e  p a r t i c u l a r  
w a t e r  t e m p e r a t u r e .  In  e a c h  c a s e  t h e  l o c a l  a t m o s p h e r i c  p r e s s u r e  was n o t e d .
I n  t h i s  m anner  c r i t i c a l  f lo w  r a t e s  w ere  e s t a b l i s h e d  f o r  t h e  s e t s  o f  
m e t a l  an d  g l a s s  n o z z l e s  a t  w a t e r  t e m p e r a t u r e s  o f  120 130 °C and  140 ^C.
The minimum p r e s s u r e  d ro p  f o r  c r i t i c a l  f lo w  was i n  t h e  r e g i o n  5 t o  5 .2  b a r  
i n  a l l  c a s e s . C o ld  f lo w  v a l u e s  w e re  a l s o  e s t a b l i s h e d  f o r  e a c h  n o z z l e  by- 
n o t i n g  t h e  f lo w  r a t e  o f  w a t e r  a t  50 °C f o r  a p r e s s u r e  d ro p  o f  5 .2 5  b a r .
The mean c r i t i c a l  f lo w  r a t e s  a r e  r e c o r d e d  i n  t a b l e s  7 ,1  f o r  m e t a l  
n o z z l e s  an d  t a b l e s  7 .2  f o r  g l a s s  n o z z l e s .  T hese  t a b l e s  show t h e  n o z z l e  
e n t r a n c e  p r o f i l e  an d  b o r e ,  t o g e t h e r  w i t h  t h e  / d i a m e t e r  r a t i o  and  r e c o r d
t h e  a c t u a l  f lo w  r a t e s ,  w i t h  -the d e r i v e d  s p e c i f i c  mass f lo w  f o r  t h e  t e m p e r a t u r e s  
o f  60 °C , 120 °C ,  130 °C , 140 °C. The num ber o f  v a l u e s  u s e d  i n  c a l c u l a t i n g  
t h e  mean f lo w  r a t e s  and  t h e  l o c a l  b a r o m e t r i c  p r e s s u r e  a r e  a l s o  show n.
A p a r t  f ro m  t h e  u s u a l  s o u r c e s  o f  e r r o r ,  t h i s  m eth o d  w i l l  t e n d  t o  show 
e r r o r s  w h e re  t h e  c r i t i c a l  f lo w  r e g i o n  m ust  b e  e s t i m a t e d .  T h ese  w i l l  be  
e s p e c i a l l y  m ark e d  w h e re  t h e  i n d i v i d u a l  v a l u e s  show a  l a r g e  v a r i a t i o n .  E r r o r s  
w i l l  a l s o  b e  fo u n d  w h e re  t h e  c r i t i c a l  f lo w  r a t e s  a r e  l a r g e  and  g iv e  r e a d i n g s  
n e a r  t h e  end  o f  t h e  m an o m eter  s c a l e .  F o r  t h i s  r e a s o n ,  a s  a  r u l e ,  t h e  s m a l l e r  
t h e  c r i t i c a l  f lo w  v a l u e ,  t h e  more a c c u r a t e  i t  w i l l  b e .
The c r i t i c a l  f lo w  v a l u e s  o b t a i n e d  a r e  p l o t t e d  a g a i n s t  * '^^/diam eter
r a t i o  i n  F i g u r e s  7 .2  f o r  T a b l e s  7 , 1  and F ig u r e s  7 . 3  f o r  T a b l e s  7 . 2 ,  E r r o r  f l a g s  
a r e  n o t  i n d i c a t e d  on t h e s e  p l o t s .
T h e o r e t i c a l  c u r v e s  c a l c u l a t e d  f ro m  t h e  m odel p r e s e n t e d  i n  C h a p te r  4 ,  
e q u a t i o n  ( 4 . 1 6 ) ,  a r e  a l s o  shown i n  F i g u r e s  7 .2  and  7 . 3 ,
C o m p ariso n  o f  t h e  p l o t s  on F ig  6 .2  w i t h  t h e  v a l u e s  o b t a i n e d  from  r e f e r e n c e s
( 3 ) , ( 4 ) , ( 1 3 )  and  (6 1 )  shown i n  F i g u r e s  4 .2  and 4 . 3  i n d i c a t e  t h a t  t h e  e x p e r i m e n t a l  
v a l u e s  o b t a i n e d  i n  t h e  p r e s e n t  s e t  o f  e x p e r i m e n t s  a r e  o f  a t  l e a s t  t h e  c o r r e c t  
o r d e r  o f  m a g n i tu d e .  I n  a d d i t i o n  c o m p a r i so n  o f  t h e  v a l u e s  o f  c r i t i c a l  f lo w  r a t e  
f o r  m e t a l  and  f o r  g l a s s  n o z z l e s  show c l o s e l y  s i m i l a r  v a l u e s  and  t r e n d s  e x c e p t  
i n  the* c a s e  o f  s q u a r e  e n t r a n c e  n o z z l e s .
From F i g u r e s  7 = 2 and  7 . 0  c e r t a i n  t r e n d s  coii c l e a r l y  b e  n o t e d  i n  t l ie
FIGURES 7.2
CRITICAL FLOW RATES FOR METAL NOZZLES 
NOTATION
^  T h r o a t  D ia m e te r  (D) = 1"  ( 2 .5 4  cm)
@ '' = 0 . 5 "  ( 1 . 2  7 cm)
^  1 . 5 "  ( 2 . 8 1  cm)
^  " = 0 . 7 5 " ( 1 . 9 1  cm)
T h e o r e t i c a l  C urve (Eqn 4 . 1 4 )
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Tables 7,1
Critical Flow Rates for Metal Nozzles
CRITICAL FLOW
No z z l e  E n t r a n c e  P r o f i l e : S q u a re B o re :  3 .8 1  cm.
L e n g t h /
D ia m e te r
W a te r
Temp.
( c)
Mean C r i t i c a l  
Flow R a te  
( k g / s )
Mean 
S p e c i f i c  
C r i t i c a l  
Flow R a te  
I k g / m ^ )
N o. o f  
V a lu e s  U sed 
i n  Mean
B a r o m e t r i c
P r e s s u r e
2 . 6 6
120 °C 9 .6 2  ±  0 .0 8 1 .9 0  +_ 0 . 0 2 4 1 . 0 1 0
1 .0 1 5130 °C 8 .8 2  + 0 .0 4  —
1 .7 4  + O.OI 4
140 °C 7 .9 0  + 0 .0 7 1 .5 6  _+ 0 .0 2 5 1 . 0 1 2
N o z z le  E n t r a n c e  P r o f i l e :  S q u a re B o r e : .  1 .91  cm.
5. 33
120 °C 9 .6 8  + 0 . 0 4 1 . 9 1  + O.OI 4 1 .0 1 5
130 °C 8 .7 7  + 0 .0 7 1 .7 3  + 0 .0 2 3 1 .0 1 5
140 °C 7 .8 5  + 0 .0 9 1 .5 5  ±  O.OI 4 1 .0 1 5
N o z z le  E n t r a n c e  P r o f i l e  : C o n ic B ore 1 .9 1  cm.
5 .3 3
1 2 0  °C 1 0 .8 4  + 0 .0 4 2 .1 4  +_ O.OI 5 1 .0 0 9
130 °C 1 0 .1 9  jf 0 .0 4 2 .0 1  + O.OI 4 1 .0 0 9
140 ^C ' 9 .0 2  0 .0 4 1 .7 8  + O.OI 4 1 .0 0 9
N o z z le  E n t r a n c e  P r o f i l e ' !  Rounded \ B o r e : '  1 .9 1  cm.
5. 33
120 °C 1 1 .8 0  + 0 .0 4 2 . 33 +_ O.OI 6 1 . 0 1 0
130 °C 
140  °C
1 1 .3 0  + 0 .0 4 2 .2 3  + O.OI 4 1 . 0 1 0
1 0 .1 3  + 0 .0 4 2 .0 0  + O.OI 6 1 .0 0 6
CRITICAL FLOW RATES FOR METAL NOZZLES
N o z z le  E n t r a n c e  P r o f i l e :  S q u a re Bore: 1.27 cm,
L e n g t h /




Mean C r i t i c a l  
Flow R a te  
( k g / s )
Mean 
S p e c i f i c  
C r i t i c a l  
F low R a te _  
(kg/m%^dO
N o. o f  
V a lu e s  U sed 
i n  Mean
4
B a r o m e t r i c
P r e s s u r e
1 0
60 °C 2 .6 4  Jh 0 .0 2 2 .0 8  2  0 . 0 Î 6 1 . 0 1 0
1 2 0  °C 2 .1 5  jt 0 . 0 3 1 . 7 0  + 0.0< 6 1 .0 0 5
130 °C 2 .0 5  0 .0 4 1 .6 2  _+ O.OL 4 1 ,0 0 5
140 °C 1 .9 0  + 0 . 0 4 1 .5 0  + 0.0;- 3 1 .0 0 5
8
50 °C
1 2 0  °C 2 .2 8  _+ 0 . 0 2 1 .8 0  + 0 . 0 2 1 0 1 . 0 1 0
130 °C 2 .0 9  0 .0 1 1 .6 5  + O.OI 1 0 1 . 0 1 0
140 °C 1 .  95 _+ 0 .0 2 1 .5 4  0 .0 2 9 1 .0 1 5
6
60 °C 2 .5 2  _+ 0 .0 2 2 .0 7  + 0 .0 2 6 1 . 0 1 0
1 2 0  °C 2 . 2 2  + 0 . 0 2 1 .7 5  + 0 .0 2 6 1 . 0 1 0
130 °G 2 .0 8  ± 0.03 1 .6 4  _+ 0 .0 3 4 1 . 0 1 0
140 °C 1 .9 0  + 0 .0 2 1 .5 0  + 0 .0 2 5 1 . 0 1 0
4
60 °C 2 .6 5  t  0 . 0 2 2 .0 9  + 0 .0 2 6
120 °C 2 .2 8  + 0 . 0 2 1 .8 0  + 0 . 0 2 4 1 .0 1 4
130 °C 2 .1 3  + 0 .0 2 1 . 6 8  0 . 0 2 41 1 .0 1 5
140 °C 1 .9 2  + 0 .0 2 1 .5 2  + 0 .0 2 5 1 .0 1 5
CRITICAL FLOW RATES FOR METAL NOZZLES
N o z z le  E n t r a n c e  P r o f i l e : S q u a re Bore : 2.54
L e n g t h /
D ia m e te r
W a te r Mean C r i t i c a l  
Flow R a te  
( k g / s )
Mean
S p e c i f i c  
C r i t i c a l  
Flow R a te
N o . o f  
V a lu e s  U sed  
i n  Mean
B a r o m e t r i c
P r e s s u r e
2
60 °C 1 0 .9 4  _+ 0 .0 2 2 .1 5  i  0 .0 1 5 0 .9 9 5
120 °C 9 .4 1  0 .0 4 1 . 8 6  + 0 . 0 1 8 1 .0 1 3
130 °C 9 .0 2  + 0 . 0 3 1 .7 8  +^  0 .0 1 9 1 .0 1 3
140 °C 8 . 33 +_ 0 .0 4 1 .6 5  + 0 .0 1 8 1 .0 1 3
3
60 °C 1 0 .5 0  + 0 .0 2 2 .0 7  + 0 .0 1 7 0 .9 9 4
120 °C 9 .2 2  + 0 .0 5 1 .8 2  + 0 . 0 1 5 0 .9 9 2
130 °C 8 .6 7  ^  0 .0 5 1 .7 1  + 0 .0 1 7 0 .9 8 3
140 °C 8 .0 4  ±  0 .0 5 1 .5 8  _+ 0 .0 1 8 0 .9 9 2
4
60 °C
120 °C 9 .1 6  + 0 .0 4 1 .8 1  + 0 . 0 1 4 1 . 0 1 0
130 °C 8 .6 3  + , 0 . 0 6 1 .7 0  ±  0 . 0 1 1 .0 0 5
140 °C 7 .4 6  + 0 .0 6 1 .4 7  _+ O.Of 4 1 . 0 0 1
5
60 °C 1 0 .  39 _+ 0 . 0 3 2 .0 5  _+ 0 .0 1 4 0 .9 9 8
120 °C 9 .0 7  + 0 . 1 1 .7 9  + 0 .0 3 5 1 .0 0 3
130 °C 8 . 5  + 0 . 1 1 . 6 8  + 0 . 0 2 5 1 .0 0 5
140 °C 7 .3  + 0 . 1 1 .4 2  ±  0 .0 2 6 1 .0 0 5
CRITICAL FLOW RATES FOR METAL NOZZLES
N o z z le  E n t r a n c e  P r o f i l e :  C o n ic Bore: 1.27 cm.
L e n g t h /




Mean C r i t i c a l  
Flow R a te  
( k g / s )
Mean
S p e c i f i c  
C r i t i c a l  
Flow R a te  
._(kgZin^.lvi.n
N o. o f  
V a lu e s  Used 
i n  Mean
4
B a r o m e t r i c
P r e s s u r e
10
60 °C
1 2 0  °C 2 .5 9  + 0 . 0 1 2 .0 5  + 0 .0 4 7 1 .0 0 8
130 °C 2 .4 9  + 0 .0 1 1 .9 7  + 0 .0 3 8 1 .0 0 9
140 °C 2 .3 4  + 0 .0 2 1 .8 5  + 0 .0 3 7 1 .0 0 9
8
60 °C
1 2 0  °C 2 .7 0  + 0 .0 2 2 .1 3  + 0 .0 3 9 0 .9 9 5
130 °C 2 .5 3  + 0 .0 1 2.00 + 0 . 0 2 7 0 .9 9 5
140 °C 2 .3 7  + 0 .0 2 1 .8 7  + 0 .0 3 8 1 .0 0 3
6
60 °C 3 .1 9  + 0 .0 2 2 .5 2  + 0 .02 4 0 .9 9 5
1 2 0  *^ C 2 .7 1  + 0 .0 3 2 .1 4  + 0 .0 3 7 0 .9 9 0
130 °C 2 .5 7  + 0 .0 2 2 .0 3  + 0 .0 2 7 0 .9 9 0
140 °C 2 .4 1  + 0 .0 2 I . 90 + 0 .0 3 6 0 .9 9 0
4
60 °C 3 .2 0  + 0 .0 2 2 .5 2  + 0 .0 2 6 1 .0 0 5
120 °C 2 .7 6  + 0 . 0 1 2 .1 8  + 0 . 0 2 8 1 ,0 0 6
130 °C 2 .6 0  + 0 . 0 1 2 .0 5  + 0 .0 2 5 1 .0 0 6
140 °C 2 .4 2  + 0 .0 5 1 .9 1  _+ 0 .0 1 7 1 .0 0 5
CRITICAL FLOW RATES FOR MITTAL NOZZLES 
N o z z le  E n t r a n c e  P r o f i l e :  C o n ic Bore: 2.54 cm,
L e n g t h /
D ia m e te r
W a te r  
Temp. 
( C)
Mean C r i t i c a l  
Flow R a te  
( k g / s )
Mean 
S p e c i f i c  
C r i t i c a l  
F low R a te  
(k g /m ^ k lc T
N o. o f  
V a lu e s  U sed 
i n  Mean
4
B a r o m e t r i c
P r e s s u r e
2
60 °C 1 2 .8 3  + 0 .0 2 2 .5 2  + 0 .0 1 4 1 . 0 1 0
1 2 0  °C 1 1 .5 0  ±  0 .0 3 2 .2 7  + 0 .0 1 6 1 .0 0 3
130 °C 1 1 .0 5  + 0 .0 4 2 .1 8  + 0 . 0 2 3 1 .0 0 3
140 °C 1 0 .2 0  _+ 0 .0 5 2 . 0 1  + 0 . 0 1 5 1 .0 0 3
3
60 °C 1 2 .7 8  + 0 .0 3 2 .5 1  + 0 .0 1 5
120 °C 1 1 . 2 0  + 0 . 0 2 2 .2 1  + O.OM 7 1 .0 0 3
130 °C 1 0 .5 4  ±  0 .0 5 2 .0 8  + 0 . 0 1 6 1 .0 0 3
, 140 °C 9 .7 8  + 0 .0 5 1 .9 3  + 0 . 0 2 5 1 .0 0 3
4
60 °C
1 2 0  °C 1 0 .8 9  + 0 .0 6 2 .1 5  ±  0 .0 2 7 1 . 0 1 0
130 °C 1 0 .3 4  + 0 .0 5 2 .0 4  ±  0 .0 1 4 1 .0 1 5
140 °C 9 .1 7  + 0 .0 4 1 .8 1  + 0 . 0 1 6 1 .0 1 3
5
60 °C 1 2 .7 5  ±  0 .0 2 2 .5 1  + 0 .0 1 5 1 .0 1 4
120 °C 1 0 .9 9  _+ 0 .0 8 2 .1 7  + 0 .0 2 5 1 .0 1 3
130 °C 1 0 .3 9  ±  0 .0 5 2 .0 5  + 0 .0 1 5 1 .0 1 4
140 ^C 9 ,0 2  + 0 .0 2 1 .7 8  + 0 . 0 ^ 6 1 .0 1 4
r.s'i^.Tî.'ïs; A iftvv i
CRITICAL FLOW RATES FOR METAL NOZZLES
N o z z le  E n t r a n c e  P r o f i l e : Rounded Bore: 1.27 cm.
L e n g t h /
D ia m e te r
W a te r  
Temp. 
'  ( C)
Mean C r i t i c a l  
Flow R a te  
( k g / s )
Mean
S p e c i f i c  
C r i t i c a l  
Flow R a te  
__(kg/m2 )
No. o f  
V a lu e s  U sed 
i n  Mean
B a r o m e t r i c
P r e s s u r e
1 0
60 °C 3 .6 8  _+ 0 . 0 1 2 .9 0  + 0 . 0 1 4
120 °C 2 .75  _+ 0 .0 5 2 .1 7  + 0 .0 ^ 6 1 . 0 1 2
130 °C 2 .6 1  + 0 .0 5 2 .0 6  + 0 .0 5 7 1 . 0 1 2
140 °C 2 .4 8  + 0 .0 4 1 .9 6  1  0 .0 9 6 1 . 0 1 0
8
60 °C
120 °C 2 .7 6  + 0 .0 2 2 .1 9  + 0 .02 8 1 .0 0 8
130 °C 2 .6 1  + 0 . 0 3 2 .0 6  _+ 0 .05 6 1 . 0 1 2
140 °C 2 .5 1  ±  0 . 0 3 1 .9 9  + 0.02 8 1 .0 0 8
6
60 °C 3 .6 9  + 0 .0 2 2 .9 1  + 0 .02 6
120 °C 2 .9 3  + 0 .0 4 2 .3 2  + 0 .05 1 4 1 .0 0 7
130 °C 2 .7 9  + 0 .0 2 2 , 2 0  + 0 . 0 2 3 1 . 0 1 0
140 °C 2 . 6 1  + 0 .C 3 2 .0 6  + 0 . 0 2 4 1 . 0 1 0
4
60 °C
1 2 0  ^C ■ 3 .0 2  + 0 .0 3 2 .3 8  + 0 .0 : ( 4 1 . 0 1 0
130 ^C 2 .8 2  _+ 0 .0 3 2 .2 3  + 0.02 ! 5 1 .0 1 5
140 °C 2 .4 1  + 0 .0 2 1 .9 0  2  0.02 1 7 1 .0 1 4
CRITICAL FLOW RATES FOR METAL NOZZLES
N o z z le  E n t r a n c e  P r o f i l e  : Rounded Bore: 2.54 cm.
L e n g t h /
D ia m e te r
W a te r Mean C r i t i c a l  
Flow R a te  
( k g / s )
Mean
S p e c i f i c  
C r i t i c a l  
Flow R a te  . 
(kg /m ^)x lO
N o. o f  
V a lu e s  U sed 
i n  Mean 
■4
B a r o m e t r i c
P r e s s u r e
2
GO ^C 1 4 .8 7  +_ 0 .0 3 2 .9 3  _+ 0 .0 1 4 0 .9 9 5
120 °C 1 2 .5 1  + 0 .0 3 2 .4 7  + 0 .0 1 4 1 .0 0 3
130 °C 1 1 .9 1  Jh 0 .0 4 2 .35 + 0 . 0 1 4 1 .0 0 3
140 "^ C 1 0 .6 9  + 0 .0 4 2 . 1 1  + 0 . 0 1 6 1 .0 0 3
3
60 °C 1 4 .7 2  + 0 .0 2 2 .9 0  + 0 . 0 1 4 0 .9 9 5
120 °C 1 2 .4 2  + 0 .0 4 2 .4 5  + 0 .0 1 4 1 .0 1 3
130 °C 1 1 .7 3  jh 0 .0 8 2 .3 2  + 0 . 0 : 4 1 .0 1 3
140 °C 1 0 .2  9 + 0 .0 2 2 .0 3  + 0 .01 4 1 .0 1 3
4
60 °C
1 2 0 1 1 .6 2  + 0 .0 7 2 .2 9  _+ 0 .01 4 1 . 0 1 0
130 °C 1 1 .2 9  + 0 .0 6 2 .2 3  + 0 .0 1 4 1 .0 1 5
140 °C 9 .2 1  + 0 . 0 3 1 .8 2  _+ 0 . 0 1 5 1 .0 0 9
5
60 °C 1 4 .3 1  + 0 .0 3 2 .8 2  + 0 . 0 1 5 0 .9 9 5
1 2 0  ^C 1 1 .8 0  0 .0 4 2 .3 3  + 0 .01 3 1 .0 0 3
130 °C 1 1 .4 0  + 0 .0 4 2 .2 5  + 0 .0 : 6 1 ,0 0 3
140 ^C 1 0 .8 9  + 0 .0 4 2 .1 5  + 0 .0 : 5 1 ,0 0 3
FIGURES 7.3
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Tables 7.2
Critical Flow Rates for Glass Nozzles
CRITICAL FLOW RATES FOR GLASS NOZZLES
N o z z l e  E n t r a n c e  P r o f i l e :  S q u a r e Bore: 2.54 cm,
L e n g t h /
D i a m e t e r
W a te r
Temp.
( c)
Mean C r i t i c a l  
Flow R a t e  
( k g / s )
Mean
S p e c i f i c  
C r i t i c a l  
Flow R a te  
( k g / m ^ ^ i n ^
No, o f  
V a l u e s  Used 
i n  Mean
B a r o m e t r i c
P r e s s u r e
3
60 °C 1 0 . 4 0  _+ 0 . 0 4 2 . 0 5  +_ O.OI 4 0 . 9 9 6
120 ^C 1 0 . 1 5  + 0 . 0 3 2 . 0 0  _+ O.OI 10 1 . 0 0 3
130 °C 9 . 4 9  jh 0 . 0 5 1 . 8 4  + O.OI 6 1 . 0 0 3
140 °C 8 . 0 3  + 0 . 0 6 1 . 5 9  + 0 . 0 1 9 1 . 0 0 3
4
60 °C
120 °C 1 0 . 0 7  + 0 . 0 4 1 . 9 9  + 0 . 0 1 7 1 . 0 0 3
130 °C 9 . 5 3  + 0 . 0 6 1 .8 8  + 0 . 0 1 8 1 . 0 0 3
140 °C 8 . 3 3  0 . 0 4 1 . 6 4  0 . 0 1 7 1 . 0 0 3
5
60 ^C 1 0 . 4 1  + 0 . 0 4 2 . 0 6  0 . 0 1 5 0 . 9 9 8
120 °C 9 . 8 0  + 0 . 2 I .  94 _+ 0 . 0 5 4 1 . 0 1 3
130 ^C 8 . 9 9  _+ 0 . 0 4 1 .7 7  + 0 . 0 4 6 1 . 0 1 3
140 °C 8 . 0 2  + 0 . 0 7 1 .58 + 0 . 0 1 6 1 . 0 1 5
"
CRITICAL FLOW RATES FOR GLASS NOZZLES
N o z z l e  E n t r a n c e  P r o f i l e  : C o n ic Bore ; 2.54 cm,
L e n g t h /
D i a m e t e r
W a te r Mean C r i t i c a l  
Flow R a t e  
( k g / s )
Mean
S p e c i f i c  
C r i t i c a l  
Flow R a t e  
( k g / m 2 )
No. o f  
V a l u e s  Used 
i n  Mean
B a r o m e t r i c
P r e s s u r e
3
60 °C 1 2 . 5 0  X  0 . 0 4 2 .4 8  + 0 . 0 2 3 1 . 0 1 1
120 °C 1 1 . 0 7  + 0 . 0 8 2 . 2 0  + 0 . 0 2 7 1 . 0 0 5
130 °C 9 . 7 6  + 0 . 0 5 1 . 9 4  + 0 . 0 1 4 1 . 0 0 5
140 °C 9 . 3 0  + 0 , 0 6 1 .85  + 0 . 0 2 6 1 . 0 0 5
4
60 °C
120 °C 1 0 . 8 0  + 0 . 0 3 2.15 + 0 . 0 1 7 1 . 0 0 3
130 °C 9 . 4 9  + 0 . 0 5 1.88 H 0 . 0 1 6 1 . 0 0 3
140 °C 9 . 2 0  + 0 . 1 1.82 + 0 . 0 1 6 1 . 0 0 3
5
60 °C 1 2 . 4 9  + 0 . 0 4 2 .4 6  + 0 . 0 2 4 1 . 0 1 4
120 °C 1 0 . 6 7  + 0 . 0 5 2.12 + 0 . 0 1 7 1 . 0 0 3
130 °C 9 . 1 9  + 0 . 0 4 1.83  + 0 . 0 1 6 0 . 9 9 3
140 °C 8 . 8 5  + 0 . 0 3 1 .76 + 0 . 0 1 6 1 . 0 0 3
CRITICAL FLOW RATES FOR GLASS NOZZLES
N o z z l e  E n t r a n c e  P r o f i l e :  Rounded Bore : 2.54 cm,
L e n g t h /
D i a m e t e r
W a te r
T e n p .
( c )
Mean C r i t i c a l  
Flow R a t e  
( k g / s )
Mean
S p e c i f i c  
C r i t i c a l  
Flow R a t e  
( k g / m ^ i a
N o . o f  
V a l u e s  Used 
i n  Mean
B a r o m e t r i c
P r e s s u r e
3
60 °C 1 4 . 2 0  X  0 - 0 5 2 . 7 6  jt 0 . 0 : Î 4
120 °C 
130 °C
1 2 . 4 0  + 0 . 0 5 2 . 4 4  X  0*02 9 1 . 0 2 3
1 1 . 7 3  _+ 0 . 0 2 2 . 3 2  + 0 .0 1 7 1 . 0 2 3
140 '^C 1 0 . 3 1  X  0 -0 8 2 . 0 7  + 0 .0 1 5 1 . 0 2 3
. 4
60 °C « 7
120 °C 1 1 . 7 2  + 0 . 0 7 2 . 3 2  + 0 .02 7 0 . 9 9 2
130 °C 1 1 . 0 5  + 0 . 0 9 2 . 1 8  + 0 .0 2 7 0 . 9 8 3
140 °C 9 . 6 9  + 0 . 0 3 1 . 9 1  + 0 .0 1 6 0 .  983
5
60 °C 1 4 . 2 8  + 0 . 0 4 2 . 8 0  t  0 .01 4 0 . 9 9 6
120 °C 1 1 . 1 0  _+ 0 . 0 1 2 . 2 0  +_ 0 . 0 1 6 1 . 0 0 4
130 °C 1 0 . 7 8  X  0 - 0 4 2 . 1 3  _+ 0 . 0 1 5 1 . 0 0 3
140 9 . 2 3  X  0 . 0 6 1 . 8 2  + 0 . 0 1 6 a .003
e x p e r i m e n t a l  d a t a .
F i r s t l y ,  f o r  a l l  n o z z l e s  t h e  c r i t i c a l  f l o w  r a t e  d e c r e a s e s  w i t h  r a t i o  
an d  w i t h  l i q u i d  t e m p e r a t u r e ,  w h i l e  f r o m  T a b l e s  6 . 1  c o l d - f l o w  r e s u l t s  show n o  
s u c h  t e n d e n c y .
S e c o n d l y ,  t h e  c r i t i c a l  f l o w  r a t e  shows a marke d  d e p e n d e n c e  on n o z z l e  e n t r a n c e  
p r o f i l e ,
The a p p a r e n t  g e n e r a l  s h a p e  o f  t h e s e  c u r v e s  i s  s i m i l a r  f o r  a l l  n o z z l e s  and 
t e m p e r a t u r e  d i f f e r e n c e s ,  w i t h  a  d i s c o n t i n u i t y  i n  g r a d i e n t  b e t w e e n  t h e  r e s u l t s  
f o r  1 ” ( 2 . 5 4  cm) b o r e  n o z z l e s  and 0 . 5 ” ( 1 . 2 7  cm) b o r e  n o z z l e s .
From t h e s e  t r e n d s  e x a m i n a t i o n  i n  d e t a i l  shows t h a t  t h e  c r i t i c a l  f l o w  r a t e s  
Lshow a  v a r i a t i o n  w i t h  — r a t i o  w h ich  i s  c o n s i s t e n t  w i t h  an  e x p o n e n t i a l  v a r i a t i o n ,  
w i t h  any a d d i t i o n a l  v a r i a t i o n  w i t h  b o r e .  The v a r i a t i o n  w i t h  t e m p e r a t u r e  i s  
a l s o  n o n - l i n e a r .
The t h e o r e t i c a l  p r e d i c t i o n s  o f  e q u a t i o n  ( 4 . 1 6 )  a r e  p l o t t e d  on F i g  7 ,2
f o r  t h e  r e l e v a n t  p a r a m e t e r s .  The d i s c h a r g e  c o e f f i c i e n t s  u s e d  b e i n g ,  s q u a r e  
e n t r a n c e :  0 . 6 2 ,  r o u n d e d  0 . 9 3 ,  c o n i c  0 . 7 8 ,  t h e  l a t t e r  two b e i n g  d e r i v e d  f r om  
c o l d  f l o w  r e s u l t s .
E x a m i n a t i o n  o f  t h e s e  p r e d i c t i o n s  shows t h a t  w h i l e  t h e  mode l  g i v e s  g e n e r a l l y  
good p r e d i c t i o n s  f o r  t h e  c r i t i c a l  f l o w s  i n  1 ” ( 2 . 5 4  cm) b o r e  n o z z l e s ,  t h e  mod el  
u n d e r p r e d i c t s  f o r  0 . 5 ” ( 1 . 2 7  cm) n o z z l e s  by up t o  20%.
The p r e d i c t i o n s  o f  v a r i a t i o n ,  ( i . e .  c u r v e  g r a d i e n t )  seem a c c u r a t e  f o r  
a l l  c r i t i c a l  f l o w s .
Agre em en t  w i t h  e x p e r i m e n t  i s  b e s t  f o r  f l o w s  a t  120 an d  130 ° G , w i t h  o v e r -  
p r e d i c t i o n  up t o  10% f o r  140 *^0, c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n s  i n  C h a p t e r  4 ,  
t h a t  t h e  mode l  w o rk e d  b e s t  f o r  low l i q u i d  s u p e r h e a t s .  T h i s  o v e r p r e d i c t i o n  may 
b e  due t o  t h e  a s s u m p t i o n  i n  e q u a t i o n  ( 4 . 1 6 )  t h a t  t h e  c r i t i c a l  f l o w  r a t e  i s  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  i n  s a t u r a t i o n  t e m p e r a t u r e  a t  e x i t  
an d  l i q u i d  b u l k  t e m p e r a t u r e .  T h i s  v a r i a t i o n  i s  shown by  e x p e r i m e n u a l  d a t a  t o  
be  n o n - l i n e a r .
The f a i l u r e  t o  p r e d i c t  t h e  fo r m  o f  t h e  d i s c o n t i n u i t y  b e t w e e n  t h e  r e s u l t s  
f o r  two d i f f e r e n t  b o r e s  i s  more d i s t u r b i n g .  E q u a t i o n  ( 4 . 1 6 )  i n c l u d e s  a f a c t o r
-91-
vjhich would predict such a discontinuity but suggests that the experimental
v a l u e s  s h o u l d  b e  l o w e r  t h a n  t h e  e q u i v a l e n t  v a l u e s  f o r  t h e  same
b u t  f o r  l a r g e r  n o z z l e  b o r e s .  T h i s  i s ,  o f  c o u r s e ,  n o t  b o r n e  o u t  b y  e x p e r i m e n t .
S i n c e ,  f o r  t h e  a n n u l a r  f l o w  p a t t e r n  u s e d  i n  t h e  t h e o r e t i c a l  m o d e l ,  t h e  
r a t i o  o f  s u r f a c e  t o  volum e i n c r e a s e s  a s  t h e  t h r o a t  d i a m e t e r  d e c r e a s e s ,  t h e n ,  
a s s u m i n g  t h a t  t h e  mass  t r a n s f e r  r a t e  p e r  u n i t  i s  c o n s t a n t ,  t h e  f.low q u a l i t y  
s h o u l d  b e  g r e a t e r  f o r  n o z z l e s  w i t h  s m a l l e r  t h r o a t  d i a m e t e r s .  T h i s  e f f e c t  
s u g g e s t s  t h a t  t h e  fo rm  o f  t h e  d i s c o n t i n u i t y  o b s e r v e d  w i t h  c h a n g e  o f  t h r o a t  
d i a m e t e r  o r  b o r e ,  c a n  b e  due o n l y  t o  ( a )  s y s t e m a t i c  e r r o r  p r e s u m a b l y  i n  t h e
o r i f i c e  p l a t e  s y s t e m ;
( b )  a d i f f e r e n t  f l o w  p a t t e r n  f rom t h e  
a n n u l a r  p a t t e r n  a s s u m e d .
The c a l i b r a t i o n  and c o m p a r i s o n  p r o c e d u r e  f o r  t h e  o r i f i c e  p l a t e  d i s c o u n t s
( a ) ,  b u t  a l t h o u g h  f l o w  p a t t e r n s  f o r  1 ” ( 2 . 5 4  cm) n o z z l e s  w e r e  o b s e r v e d ,  u s i n g  
g l a s s  n o z z l e s ,  n o  o b s e r v a t i o n s  w e r e  made o f  f l o w s  i n  0 . 5 "  ( 1 . 2 7  cm) n o z z l e s .
I n  c o n c l u s i o n ,  t h e  v a r i a t i o n s  o f  c r i t i c a l  f l o w  r a t e  w o u ld  seem t o  b e  
c o n s i s t e n t  w i t h  t h e  v a r i a t i o n s  p r e d i c t e d  by t h e  c r i t i c a l  f l o w  mod el  o f  C h a p t e r  4 .
7 . 3  Flow P a t t e r n s
The u s e  o f  g l a s s  n o z z l e s  e n a b l e d  o b s e r v a t i o n s  t o  b e  made o f  f l o w  p a t t e r n s  
i n  t h e  n o z z l e s .  T hese  o b s e r v a t i o n s  a r e ,  o f  c o u r s e ,  o n l y  f o r  1"  ( 2 . 5 4  cm) n o z z l e s  
I n  g e n e r a l  t h e s e  seemed  t o  co n fo rm  t o  t h e  p a t t e r n  o f  an  a n n u l u s  o f  v a p o u r  
s u r r o u n d i n g  a  c e n t r a l  l i q u i d  c o r e  a s  s u g g e s t e d  i n  r e f e r e n c e s  ( 1 3 ) , ( 1 4 ) , ( 1 5 ) .  
E x a m i n a t i o n  o f  t h e  f l o w  p a t t e r n  f o r  t h e  g l a s s  n o z z l e s  w i t h  t h e  p r e s s u r e  p r o b e s  
i n s e r t e d  showed n o  a p p a r e n t  a l t e r a t i o n  i n  f l o w  p a t t e r n .
The f l o w  p a t t e r n s  w e r e  p h o t o g r a p h e d  on I l f o r d  HP4 f i l m  u s i n g  a  P r a k t i c a  
FX2 c a m e ra  w i t h  a  Z e i s s ,  J e n a ,  T e s s a r  1 : 2 8  f  50 l e n s .  P h o t o g r a p h s  w e re  uaken 
w i t h  t h e  l e n s  a t  a  d i s t a n c e  o f  a p p r o x i m a t e l y  200 mm f r o m  t h e  n o z z l e  c e n t r e  l i n e  
w i t h  e x p o s u r e s  o f  0 . 0 2  s e e . T h e s e  plio t o  g r a p h s  a r e  r e p r o d u c e d  a s  P l a t e s  7 . 1  
an d  show t y p i c a l  f l o w  p a t t e r n s  v a r i o u s  n o z z l e  l e n g t h s  a n d  e n t r a n c e  p r o f i l e s  
a t  v a r i o u s  t e m p e r a t u r e s .  The p h o t o g r a p h s  a r e  i n c l u d e d  m e r e l v  t o  f l l n s t r a t p  f h »  
t y p e  o f  f l o w  p a t t e r n  o b s e r v e d .
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7.4 Pi;eF.s;ure Prof 1 les in_ the Flow
P r e s s u r e  p r o  F i l e s  w e r e  ob [rained o n l y  f o r ,  t h e  s e t  o f  g l a s s  n o z z l e s .
The p r e s s u r e  p r o b e s  d e s c r i b e d  i n  s e c t i o n  6 . 3  o f  C h a p t e r  6 w e re  u s e d  i n  
t h i s  d e t e r m i n a t i o n .  The p r o b e s  w e re  f i t t e d  i n  t h e  t r a v e r s i n g  mechan ism 
and  c o u l d  b e  moved o n l y  i n  a v e r t i c a l  p l a n e .
With  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  t e s t  s e c t i o n  s e t  a t  5 , 2 5  b a r ,  
p r e s s u r e  r e a d i n g s  w e r e  t a k e n  w i t h  t h e  p r o b e s ,  on t h e  a x i s ,  0 , 5  cm an d  1 cm 
ab o v e  an d  b e lo w  t h e  a x i s .  At  e a c h  p o i n t  a t  l e a s t  two r e a d i n g s  w e r e  t a k e n  
a n d  t h e  f l o w  n o r m a l l y  r a n  f o r  60 s b e f o r e  r e a d i n g s  w e re  t a k e n ,  a n d  f o r  30 s 
a f t e r  p r o b e  r e p o s i t i o n i n g .
V a r i o u s  s e t s  o f  p r o b e s  w e re  u s e d  t o  g i v e  t r a v e r s e s  a t  v a r i o u s  d i s t a n c e s  
u p s t r e a m  o f  t h e  e x i t  p l a n e  o f  t h e  n o z z l e s .  From t h e s e  s e t s  o f  p r e s s u r e  
r e a d i n g s  t h e  p r e s s u r e  p r o f i l e s  f o r  t h e  f l o w  i n  t h e  n o z z l e s  c o u l d  b e  d e t e r m i n e d .  
P r o f i l e s  w e r e  o b t a i n e d  f o r  a l l  n o n e  g l a s s  n o z z l e s ,  e a c h  o f  3 p r o f i l e s  a t  
3 , 4 , 5 ,  f o r  f l o w s  a t  120 °C,  130 °C,  I' lO .
The p r e s s u r e  r e a d i n g s  o f  g au g e  ^ p r e s s u r e s '  o b t a i n e d  a r e  g i v e n  i n  T a b l e  7 . 3  
a n d  g r a p h s  o f  t h e  p r e s s u r e  p r o f i l e s  a r e  drawn f r om  t h e s e  r e s u l t s  a s  F i g  7 . 4 .
The c r i t i c a l  f l o w  r a t e s  f o u n d  w i t h  t h e  p r o b e s  i n s e r t e d  w e r e  f o u n d  t o  be  
a b o u t  1% l e s s  t h a n  t h e s e  w i t h o u t  p r o b e s . T h i s  i s  o f  t h e  o r d e r  o f  t h e  s t a n d a r d  
d e v i a t i o n  i n  f l o w  r a t e s  f o r  t h e  r e s u l t s  o f  T a b l e  7 . 2 .
To c o n f i r m  t h a t  t h e  a p p a r e n t  p r e s s u r e  g r a d i e n t s  a c r o s s  t h e  n o z z l e  e x i t s  
a n d  e n t r a n c e s  w e r e  n o t  an e f f e c t  o f  t h e  s y s t e m  r u n s  w e r e  c a r r i e d  o u t  f o r  a  4 "  
(101  mm) l e n g t h  s q u a r e  e n t r a n c e  n o z z l e  w i t h  90^ an d  18o'^ r o t a t i o n s  o f  n o z z l e  
a n d  n o z z l e  and u p s t r e a m  p i p e - s e c t i o n  t o g e t h e r .  No v a r i a t i o n  i n  p r e s s u r e  p r o f i l e  
was o b s e r v e d ,  a f t e r  a l l o w i n g  f o r  ga u g e  r e a d i n g  e r r o r s .  Thus  t h e  p r e s s u r e ' p r o f i l  
w o u ld  n o t  seem t o  b e  a f f e c t e d  by t h e  f l o w  s y s t e m .
E x a m i n a t i o n  o f  F i g s . 7 . 4  shows a  b a s i c  s i m i l a r i t y  i n  a l l  t h e  p r o f i l e s .
I n  each  c a s e  t h e  p r o f i l e  c o n s i s t s  o f  a  l a r g e  p r e s s u r e  d r o p  w i t h i n  t h e  f i r s t  
20 mm, a f l a t  r e g i o n  w h e re  t h e  a x i a l  p r e s s u r e ,  g r a d i e n t  i s  s m a l l  .and a f u r t h e r  
l a r g e  p r e s s u r e  d r o p  i n  t h e  l a s t  20 mm t o  t h e  a x i t .  (Not e  t h a t  t h e  p r e s s u r e s  
a r c  g au g e  p r e s s u r e s  a n d  t h e  n o m i n a l  e x i t  pi-«SoUi-u i u
FIGURES 7.4
PRESSURE PROFILES IN GLASS NOZZLES
P r o b e  on c e n t r e  l i n e
P r o b e  1 cm ab o v e  c e n t r e  l i n e
P ro b e  1 cm b e l o w  c e n t r e  l i n e
P R E S S U R E D I S T R I B U T I O N  IN G L A S S  N O Z Z L E S .  
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Tables 7.3
P r e s s u r e  P r o f i l e s  f o r  G l a s s  N o z z l e s
NOZZLE PRESSURE DISTRIBUTION -  GLASS NOZZLES 
No z z l e  E n t r a n c e  Pt o f i l e : S q u a r e
7 . 6  cm. ÊEEË.: 2 . 5  cm. ' '
Lengl 'h
D i a m e t e r  D( % ) 3
T e m p e r a t u r e  : jl40 C
D i s t a n c e  
f rom E x i t  





Above C e n t r e  L i n e
1  cm
2 . 8 0
1 . 9 0
2 . 2 0
1 . 9 0
0 . 5  cm
2 . 7 5
1 . 9 3
2 . 2 0
1 .
P r o b e  P r e s s u r e
On C e n t r e  
L i n e
2 . 7 7
2 . 0 0
2 . 1 5
1.  90
Belov; C e n t r e  L i n e
0 . 5  cm
2_^72
1 .  90
2 . 2 0
1 .  90
1  cm
2 . 6 2
1 . 9 0
2 . 1 2
1 . 9 0
Mean Flow 
R a t e  
( k g / s )
B a r o m e t r i c
P r e s s u r e
( b a r )
0 . 9 9 6
0 . 996 
0 . 9 9 3  
0 . 9 9 3
T e m p e r a t u r e  : 1 3 0
PixDbe P r e s s u r e
D i s t a n c e  
f rom  E x i t  
p l a n e  (cm)
Below C e n t r e  L i n e i B a r o m e t r i c
P r e s s u r e
( b a r )
Above C e n t r e  L i n e On C e n t r e  
L i n e
Mean Flow 
R a te  
( k g / s )1  cm 0 . 5  cm 1  cm0 . 5  cm
2 . 1 7 2 . 1 2 2 . 0 3 1 . 9 2 0 . 9 9 6
■1.28 1 . 4 0 1 .3 7 1 . 2 7 0 . 9 9 6
1.  37 1 . 3 8 1 . 3 5 1 . 4 0 1 . 4 0
1 . 4 0 1 . 3 7 1 .3 8 1 .  35 0 . 9 9 3
T e m p e r a t u r e  : ^20 ° c
P r o b e  P r e s s u r e
D i s t a n ce 
f rom Exit- 
p l a n e  (cm)
Below C e n t r e  L in e B a r o m e c r i c
P r e s s u r e
( b a r )
Above C e n t r e  L in e Mean Flov; 
R a t e  
( k g / s )
On C e n t r e  
L i n e
1  cm1  cm
1 .6 2 1 . 5 0 1 . 3 8 1 . 3 7 0 .  996
0 . 88 0 .  97 0 .  90 0 . 8 5 0 . 9 9 6
0 . 7 8 0 . 7 7 0 . 8 0 0.. 993
0 . 8 0 0 . 8 0 0 . 8 0 0 . 8 0 0 . 80 0 .  993
NOZZLE PRESSURE DISTRIBUTION GLASS NOZZLES
Nozzle Entrance Profile S q u a r e
D i a m e t e r  D
Lenq-th : 1 0 . 1  cm. Bore  : 2 .  5 cm,
T e m p e r a t u r e :  140 C
P r o b e  P r e s s u r e
D i s t a n c e Above C e n t r e  L i n e 0,n C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
fi 'om E x i t  
p l a n e  (cm) 1 cm 0 . 5  cm
L i n e
0 . 5  cm 1 cm
R a te  
( k g / s )
P r e s s u r e
( b a r )
10 3 . 1 5 3 .4 3 .2 5 3 . 2 2 . 5 8 . 4 1 1 .0 1 9
9 3 . 0 5 3 . 0 5 3 .0 0 3 .0 5 3 . 0 5 8 . 4 1 1 .0 1 9
6 2 . 5 0 2 . 5 0 2 . 4 9 2 . 5 0 2 . 5 0 8 . 2 6 1.0,21
2 2 . 6 0 2 . 5 5 2 . 5 0 2 . 5 5 2 . 6 0 8 . 4 1 1 . 0 2 1
0 . 7 2 . 6 0 2 . 5 8 2 . 4 1 2 . 5 2 2 . 5 8 8 . 2 6 1 . 0 0 6
- 0 . 5 2 . 0 0 2 . 0 8 2 : 1 0 2 .08 1 . 9 0 8 . 4 1 0 . 9 9 3
Tempe r^a tu re  : 130 C
P r o b e  P r e s s u r e
D i s t a n c e  
f rom  E x i t  
p l a n e  (cm)
Above C e n t r e  L ine Below C e n t r e  L i n eOn C e n t r e  
L i n e
Baromet  r i c  
P r e s s u r e  
( b a r )
Mean Flow 
R a te  
( k g / s )1 cm 0 . 5  cm 0 . 5  cm 1 cm
10 2 . 7 5 2 . 5 5 2 . 2 5 1 . 0 1 9
1 . 6 0 1 . 6 0 1 . 6 0 1 . 5 5 1 . 0 1 9
1 , 5 0 1 . 5 0 1 . 5 0 1 . 5 0 1 . 5 0 1 .021
1 . 5 0 1 . 5 0 1 . 5 0 1 . 4 1 . 0 2 1
1 . 4 1 1 . 3 4 1 . 3 0 1 . 3 5 1 .4 5 1 . 0 0 6
- 0 , 5 0 . 9 8 1.12 1.00
T e m p e r a t u r e  :1 2 0
P r o b e  P r e s s u r e
D i s t a n c e  
f rom E x i t  
p l a n e  (cm)
Above C e n t r e  L in e Below C e n t r e  L i n e B a r o m e t r i c
P r e s s u r e
( b a r )
On C e n t r e  
L in e
Mean Flow 
R a t e  
( k g / s )1 cm 1 ClTi
10 1 , 8 5 1 . 3 1 1 . 0 1 9
1 . 1 6 1 . 3 2 1 . 3 1 1 . 3 5 1 . 2 5 1 .0 1 9
1.10 1.10 1.10 1 . 1 0
1.00 1.  GO 0 . 9 5 0 .  98 1 . 0 2 1
0 . 9 0 1 , 0 0 60 . 9 8 1 .0 2
0 . 9 0 0 .  900 . 8 5
NOZZLE PRESSURE DISTRIBUTION - GLASS NOZZLES
Nozzl e Entrance Profile :
Leng t  h : 1 2 . 7  cm.
S q u a r e  
B o r e :  2 , 5  cm,
/ k  )
D i a m e t e r  D
T e m p e r a t u r e  ; 140 C
P r o b e  P r e s s u r e
D i s t a n c e Above C e n t r e  L i n e On C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
f rom  E x i t  
p l a n e  (cm) 1 cm 0 . 5  cm
L i n e
0 . 5  cm 1 cm
R a t e
( k g / s )
P r e s s u r e
( b a r )
12 .5 3 .0 4 3 .2 5 3 . 0 1 2 . 8 4 2 . 7 8 8 . 1 2 1 .0 0 8
11 2 . 7 5 2 . 7 5 2 . 7 5 : .75 2 .75 7 . 9 8 1 . 0 1 4
9 2 . 7 5 2 .74 2 . 7 1 2 . 7 5 2 . 7 5 7 .9 8 1 . 0 1 3
6 2. 76 2 . 7 5 2 . 7 6 2 . 7 8 2 . 8 2 8 .12 1 . 0 1 4
2 2 . 2 5 2 . 2 5 2 . 3 2 . 2 5 • 2 . 2 5 7 .9 8 1 . 0 2 0
0 . 7 2 . 4 5  ' 2 . 4 5 2 . 4 5 ■2.43 8 . 1 2
- 0 . 5 1 . 6 8 2 . 0 0 2 . 0 0 2 . 0 0 1 . 8 1 8 .12 1 . 0 1 7  1
I g g ^ e r a tu r e :  °C
P r o b e  P r e s s u r e
D i s t a n c e  
f rom E x i t  
p l a n e  (cm)
Above C e n t r e  L i n e On C e n t r e  
L i n e
--------2:cn—
Below C e n t r e  L i n e Mean Flow 
R a te  
( k g / s )
B a r o m e t r i c
P r e s s u r e
( b a r )1 cm 0 . 5  cm 0.5 cm 1 cm
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T e m p e r a t u r e : 120 °C
P r o b e  P r e s s u r e
D i s t a n c e Above C e n t r e  L in e On C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
f rom  E x i t L i n e R a t e P r e s s u r e
p l a n e  (cm) 1 cm 0 . 5  cm 0 . 5  cm 1 cm ( k g / s ) ( b a r )
1 2 . 5 1 . 7 0 2 . 0 8 1 . 7 5 1 . 2 5 1 . 2 5 9 . 7 6 1 .0 0 8
11 1 . 0 8 1 . 1 0 1 . 1 0 1 . 0 7 1 , 0 7 9 . 8 8 1 . 0 1 4
9 0 . 9 0 0 . 0 0 0 .  90 0 .  90 0 . 9 0 1 0 . 0 0 1 .013
6 1 . 0 3 1 . 0 3 1 . 0 2 1 . 0 8 1 . 0 8 1 0 . 0 0 1 . 0 1 4
2 1 . 0 3 1 , 0 3 1 . 0 1 1 . 0 1 1 . 0 5 9 .8 8 1 . 0 2 0
r\ n C . 90 u . uu u . su i r y 3 i IJ . bS L ,u / u
- 0 . 5 0 . 5 8 0 . 7 5 0 . 7 8 0 . 7 5 0 . 6 6 1 0 . 4 7  'j
L__™--------------U
1 . 0 l 7
NOZZLll PRESSURE DISTRIBUTION - GLASS NOZZLES
Nozzle Entrance le : Conic
L e n g t h : 7 . 6  cm. Bore  : 2 . 5 4  cm,
L en g th  / L . . 
D i a m e t e r  D
T e m p e r a t u r e  : iL|.o C
P r o b e  P r e s s u r e ( B a r )
D i s t a n c e Above C e n t r e  L i n e On C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
f]?om E x i t  
p l a n e  (cm) 1 cm 0 . 5  cm
L i n e
0 . 5  cm 1 cm
R a te
( k g / s )
P r e s s u r e
( b a r )
7 .5 4 . 7 4 . 6 4 . 5 2 4 . 5 4 . 4 7 / 0 . 0 9 5
6 2 . 8 2 . 6 8 2 . 6 2 2 . 5 3 2 . 3 0 / 0 . 9 9 5
2 2 . 0 5 2 . 0 2 . 0 2 2 . 0 2 2 .0 / 0 . 9 7 7  ■
0 . 7 1 . 7 5 1 . 7 5 1 . 7 5 1 . 7 5 1 . 7 5 / 0 . 9 8 7
- 0 . 5 0 . 8 5 1 . 3 1 . 5 1 . 4 5 1 . 2 7 0 . 9 8 7
T e m p e r a t u r e  : ^ 3 0  ° c
P ro b e  P r e s s u r e  ( B a r )
D i s t a n c e Above C e n t r e  L in e On C en t i ' e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
f rom E x i t  
p l a n e  (cm) 1 cm 0 . 5  cm
L in e
0 . 5  cm 1 cm
R a te
( k g / s )
P r e s s u r e
( b a r )
7 .5 4 , 5 4 . 4 4 . 3 1 4 . 3 4 . 2 7 '  -  / 0 - 995
6 2 . 2 2 . 0 1.  94 1 . 6 5 1 . 6  .... / 0 . 9 9 5
2 1 . 2 5 1 . 2 1 . 2 1 . 2 2 1 . 2 ~y 0 . 9 7 7
0 . 7 1 . 2 3 1 . 2 2 1 . 2 1 . 2 5 1 . 2 2 ...... / 0 . 9 8 7
- 0 . 5 0 . 5 0 . 8 5 0 .  92 0 . 8 0 . 6 5 / 0 .  987
T e m p e r a t u r e : 120 °C
P r o b e  P r e s s u r e  (B a r )
Di s t  an ce Above C e n t r e  L in e On C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
f rom E x i t  
p l a n e  (cm) 1 cm 0 . 5  cm
L i n e
0 . 5  cm 1 cm
R a t e  
( k g / s )
P r e s s u r e
( b a r )
.
7 . 5 4 . 4 2 4.  3 4 . 3 ■ 4.  3 4 . 2 7 / 0 . 9 9 5
6 1 . 7 2 1 . 5 1 . 3 8 1 . 1 1 . 0 / 0 . 9 9 5
2 0 . 7 "^'0 . 7 0 . 7 0 . 7 0 . 7 0 . 9 7 7
0 . 7 0 . 8 3 0 . 8 0 . 8 3  1 0 . 8 5 0 . 8 / 0 . 9 8 7
- 0 . 5 0 . 3 2 0 . 4 0 . 5  1 0 . 4 2 0 , 4 Z ' 0 . 9 8 7
NOZZLE PRESSURE DISTRIBUTION -  GLASS NOZZLES 
N o z z l e  E n t r a n c e  P i x ) f i ] e : C on ic Len g t h  , E . 
D i a m e t e r  D
1 0 . 1  cm, B o re  : 2 . 5  cm,
Tempe r a t u r e  : 140 C
P ro b e  P r e s s u r e
D i s t a n c e Above C e n t r e  L i n e On C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
f)X)m E x i t  
p l a n e  (cm) 1 cm 0 . 5  cm
' L i n e
0 . 5  cm 1 cm
R a t e
( k g / s )
P r e s s u r e
( b a r )
10 5 . 0 7 5 . 0 4 4 . 8 9 4 . 8 7 4 . 8 0 0 . 9 9 3
9 2 . 8 5 2 . 9 0 2 . 9 3 2 . 7 7 2 . 7 0 / 0 . 9 8 0
6 2.  90 2 . 9 0 2 . 8 5 2 . 9 0 2 . 9 3 / 0 ^ 9 8 0
2 2 . 4 8 2 . 5 0 2 . 4 9 2 . 4 5 2 . 5 0 7 0 . 9 8 0
0 . 7 2 . 4 0 2 . 5 2 . 5 2 . 3 5 2 . 4 0 / 0 .  996
" 0 . 5 1 . 5 4 1 . 7 5 1 . 8 7 1 . 6 5 1 . 4 0 /  .... i 0 . 9 9 6
T e m p e r a t u r e  : ^
P ro b e  P r e c s u
D i s t a n c e  
f rom  E x i t  
p l a n e  (cm)
Above C e n t r e  L i n e B a r o m e t r i c
P r e s s u r e
( b a r )
On C e n t r e  
L in e
Below C e n t r e  L i n e Mean Flow 
R a t e  
( k g / s )1 cm 0 . 5  cm 0 . 5  cm 1 cm
10 4 .3 5 0 . 9 9 3
1 . 9 8 2' .  002 . 0 5 1 . 8 5 1 . 7 0 0 . 9 8 0
1 . 5 0 1 . 5 0 1 . 5 0 1 . 5 0 1 . 5 0 0 . 9 8 0
1.  38 1 .  37 1 . 3 0 1 . 3 5 1 . 4 0 0 . 9 8 0
1 . 2 8 1 . 2 5 1 . 2 6 1 . 3 0 1 . 2 8 0 .  996
0 . 7 5 1 . 0 3 1 . 2 0 0 . 9 9 6
T e m p e r a t u r e  :
P ro b e  P r e s s u r e
D i s t a n c e  
f rom  E x i t  
p l a n e  (cm)
Above C e n t r e  L in e Below C e n t r e  L i n e B a r o m e t r i c
P r e s s u r e
( b a r )
On C e n t r e  
L i n e
Mean Flow 
R a t e  
( k g / s )0 . 5  cm 1 cm1 cm
10 4 . 4 0 4 . 3 0 4 . 1 7 0 . 9 9 3
1 . 3 3 1 . 3 2 1 . 2 5 1.00 0 . 9 5 0 . 9 8 0
1 . 2 5 1 . 2 5 1 . 2 7 0 . 9 8 0
1 . 0 3 1 . 0 3 1.C2 1.00 1 .0 5 0 . 9 8 0
0 . 8 3 0 . 8 0 0 . 8 0 0 . 8 2 0 . 8 5 0 . 9 9 6
u . 65
NOZZLE PRESSURE DISTRIBUTION -  GLASS NOZZLES 
N o z z l e  E n t r a n c e  P r o f i l e : C o n ic  L e n g th
(  -  )D i a m e t e r  D ^
1 2 .7 cm. Bore 2 . 5  cm.
T e m p e r a t u r e  : 140 C
P r o b e  P r e s s u r e
D i s t a n c e Above C e n t r e L i n e On C e n t r e Below C e n t r e  L i n e Mean Plow B a r o m e t r i c
f r om  E x i t  
p l a n e  (cm) 1 cm 0 . 5 cm
L i n e
0 , 5  cm 1 cm
R a t e  
( k g / s )
P r e s s u r e
( b a r )
1 2 . 5 4 . 7 2 4 . 6 5 4 . 5 0 4 . 5 0 4 . 3 7 9 . 0 8 1 .0 1 9  1
11 - — 2 . 2 7 - - 8,  95 1 . 0 1 6  1 
1 . 0 1 9  19 2 . 4 8 2 . 5 0 2 . 5 0 2 . 4 6 2 . 4 8 -
6
2 2 . 6 0 2 .60 2 . 5 0 2 .60 2 , 6 0 8 . 9 5 1 . 0 1 7  j
0 . 7 2 . 4 5 2 .31 2 . 2 5 2 .40 2 . 4 5 8.  95 1 . 0 1 9  j
- 0 . 5 1 . 4 2 2 . 2 5 2 . 2 0 2 . 2 5 1 . 7 5 8 . 9 5 1 . 0 1 9  1
T e m p e r a t u r e :  130
o C
P r o b e  P r e s s u r e
D i s t a n c e Above C e n t r e L in e On C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
f rom  E x i t  
p l a n e  (cm) 1 cm 0 . 5 cm
L i n e
0 . 5  cm 1 cm
R a te
( k g / s )
P r e s s u r e
( b a r )
1 2 . 5 4 . 4 8 4 .  37 4 . 2 0 4 . 1 0 4 . 0 3 1 0 , 0 7 1 . 0 1 9
11 - — 1 . 8 1 _ « 1 . 0 1 6
9 1 . 5 5 1 . 6 0 1 . 6 0 1 , 5 8 1 . 5 6 9 . 7 1 1 . 0 1 9
6
2 1 . 6 0 1 . 6 0 1 . 6 0 1 . 6 0 1 . 6 0 9 . 7 1 1 .0 1 7
0 . 7 1 . 4 3 1 . 5 0 1 . 5 0 1 , 4 1 1 . 4 1 9 . 7 1 1 . 0 1 9  1
- 0 . 5 0 . 9 1 1 . 2 6 1 . 2 5 1 . 2 5 1 . 0 1 9 . 7 1 1 . 0 1 9  1
T e m p e r a t u r e :  120 •"c
P r o b e  P r e s s u r e
D i s t a n c e Above C e n t r e L in e On C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i  c
f rom  E x i t  
p l a n e  (cm) 1 cm 0 . 5 cm
L i n e
0 . 5  cm 1 cm
R a t e  
( k g / s )
P r e s s u r e
( b a r )
1 2 . 5 4 . 3 1 4 . 2 0 4 . 1 0 . 4 . 0 0 3 , 9 4 1 0 . 6 9 1 . 0 1 9
11 " - 1 : 2 5 - 1 . 0 1 6
9 1 . 0 5 1 . 0 5 1 . 0 5 1 ,0 5 1 . 0 5 10.  80 1 . 0 1 9
6
2 1 , 0 1 1 . 0 0 1 . 0 0 1 , 0 1 1 . 0 1 1 0 . 4 7 1 , 0 1 7
0 . 7 0 . 9 8 0 . 9 5 Ü. 90 0 . 9 0  1 0 . 94 1 0 . 6  9 1 . 0 1 9  1
- 0 . 5 0 . 4 1 0 . 8 1
r- 1 
0 . 8 0  1 0 . 8 6  1 0 . 6 5 _____ 10^69______ ____ :
NOZZLE PRESSÜRn DISTRIBUTION - GLASS NOZZLES
Nozzle En t ran ce ProLi le Rounded M ufSS  ( i .  ) 3
D i a m e t e r  D
L e n g t h :  7 . 6  cm, B o r e : 2 . 5  cm.
T em pera L ure  : 1 4 0  c
P r o b e  P r e s s u r e
D i s t a n c e Above C e n t r e  L i n e On C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
f rom  E x i t  
p l a n e  (cm) 1 cm 0 . 5  cm
' L i n e
0 , 5  cm 1 cm
R a te  
( k g / s )
P r e s s u r e
( b a r )
7 . 5 4 . 2 0 4 . 1 0 4 . 0 0 3. 95 3 . 8 7 / 0 989 .......
6 3.  30 3. 30 3 .2 8 3 .25 3 .28 Or 976
2 2 . 5 6 2 . 6 8 2 . 7 1 2.  68 2 . 7 4 / 0 . 9 7 7  .
0 . 7 2 . 7 2 . 6 8 2 . 6 8 2 . 6 8 2 . 7 / 0 . 9 7 7
- 0 . 5 2 . 1 2 1 . 9 1 . 8 7 2 . 0 5 1 . 4 8 7
T e m p e r a t u r e  : 130 C
Pr-obe P r e s s u r e
D i s t a n c e  
f r om  E x i t  
p l a n e  (cm)
Above C e n t r e  L in e On C e n t r e  
L in e
Below C e n t r e  L in e Mean F.',low 
R a t e  
( k g / s )
B a r o m e t r i c
P r e s s u r e
( b a r )1 cm 0 . 5  cm 0 . 5  cm 1 cm
7 . 5 3 .4 5 3 . 4 0 3 . 3 0 3 . 2 2 3 . 0 5 /
0  . 97 66 1 . 6 8 1 . 7 0 1 .  74 1 . 6 8 1 . 6 8 ' /
2 L6_0 _ 1 . 5 0 1 . 6 0 1 . 6 0 1.6.0 0 . 97 7
0 . 7 1 . 6 1 . 5 8 1 . 5 5 1 . 6 ..l._6_2............
y
0 . 9 8 5- 0 . 5 1 . 3 3 1 .  30 1 . 1 7 0 . 9 0 0 . 5 0 /
T e m p e r a t u r e  : 120 C
P r o b e  P r e s s u r e
D i s t a n ce Above C e n t r e  L in e On C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
f r o m  E x i t  
p l a n e  (cm) 1 cm 0 . 5  cm
L in e
0 . 5  cm 1 cm
R a t e  
( k g / s )
P r e s s u r e
( b a r )
7 . 5 3 . 2 4 3 . 1 0 3 .0 5 2 , 9 0 2 . 7 8 / 0 . 9 8 9
6 1 . 4 2 1 . 4 0 1 . 4 2 1 . 4 2 1 . 4 0 0 . 9 7 6
2 1 . 4 0 1 . 4 0 1 . 4 0 1 . 4 0 1 . 4 0 / 0 . 9 7 7
0 . 7 0 . 8 0 0 . 8 0 0 . 8 0 0 . 8 0 0 . 8 0 / 0 .  977
- 0 . 5 0 . 8 8 0 . 8 0 0 . 7 5 0 . 6 8 0 .  38 / 0 . 9 8 5
NOZZLE PRESSURE P I S TRIBUTIOH -  GLASS NOZZLES 
N o z z l e  E n t r a n c e  P r a f i l e :  Rounded
L e n g t h : 1 0 . 1  cm. B o r e :  2 . 5  cm,
D i a m e t e r  D
Te m p e r a t u r e  : ILQ C
P r o b e  P r e s s u r e
D i s t a n c e A]:ove C e n t r e  L i n e On C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
f r om  E x i t  
p l a n e  (cm) 1 cm 0 . 5  cm
L i n e
0 . 5  cm 1 cm
R a t e
( k g / s )
P r e s s u r e
( b a r )
10 4 . 1 6 ■ 4 . 1 0 4 . 0 0 4 . 0 0 3 . 9 0 / 0 .  996
9 3 , 8 0 3. 80 3 . 8 0 3. 80 3 . 8 0 / 0 . 9 9 5
6 3 .2 5 3 . 2 4 3 .2 0 3 .22 3 . 2 2 V  ■“ 0 . 9 9 7
2 2 . 4 2 . 4 2 . 4 2 . 4 3 2 . 4 3 0 .  997
0 . 7 2 . 5 2 2 . 5 0 2 . 4 8 2 . 5 2 2 . 5 0 0 . 9 9 7
- 0 , 5 2 . 1 2 . 0 5 2 . 0 1 . 6 1 . 2 5 / 0 . 9 9 7
130 C
r r o b e  P r e s s u r e
D i s t a n c e Above C e n t r e  L in e On C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
f rom  E x i t L i n e R a t e P r e s s u r e
p l a n e  (cm) 1 cm 0 . 5  cm 0 . 5  cm 1 cm ( k g / s ) ( b a r )
10 3 . 6 7 3. 60 3 . 4 7 3 . 4 0 3 . 3 0 / 0 . 9 9 6
9 2 . 3 8 2 . 3 2 . 3 1 2 . 3 8 2 . 3 3 0 .  995
6 2 . 0 2 1 . 8 2 1 . 7 5 1 . 7 2 1 . 7 / 0 .  997
2 1 . 7 0 1 . 7 0 1 . 7 0 1 . 6 8 1 . 7 0 / 0 . 9 9 7
0 . 7 1 . 6 0 1 . 6 0 1 . 5 9 1 . 6 0 1 . 6 0 7 0 . 9 9 7
- 0 . 5 1 . 1 7 1 . 5 1 . 4 5 1 . 4 1 . 0 8 / 0 . 9 9 7
T e m p e r a t u r e :  1 2 0  ^ C
P ro b e  P r e s s u r e
D i s t  an ce Above C e n t r e  L in e On C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
f rom  Exit- L i n e R a t e P r e s s u r e
p l a n e  (cm) 1 cm 0 . 5  cm 0 . 5  cm 1 cm ( k g / s ) ( b a r  )
10 2 . 8 7 2 . 8 2 2 . 7 5 2 . 7 0 2 . 6 2 / 0 .  996
9 1 . 9 0 1 . 9 0 1. 90 1 . 9 0 1 . 9 0 / 0 . 9 9 5
6 1 . 5 2 1 . 4 2 1 .  35 1 . 3 4 1 . 2 8 / 0 . 9 9 7
2 1 . 2 0 1 . 1 7 1 . 1 8 1 . 2 0 1 . 1 7 /  ^/ 0 . 9 9 7
0 . 7 0 . 9 0 0 . 9 0 0 . 8 5 0 . 8 5 0 . 9 0 / _________ 0 . 9 9 7
0.5 0.75 0. WO 0. y;j 0.8: I o.qQv
NOZZLE PRESSURE DISTRIBUTION - GLASS NOZZLES
Nozzle Entrance Profile: Rounded L e n g t h  f L . 
D i a m e t e r  D
L e n g t h : 1 2 . 7  cm. B o r e : 2 . 5 cm,
T e m p e r a t u r e  : 140 C
P r o b e  P r e s s u r e
D i s t a n c e Above C e n t r e  L in e On C e n t r e Below C e n t r e  L i n e Mean Plow B a r o m e t r i c
f r om  E x i t ' L i n e R a t e P r e s s u r e
p l a n e  (cm) 1 cm 0 . 5  cm 0 , 5  cm 1 cm ( k g / s ) ( b a r )
1 2 . 5 3 . 5 3 .68 3 . 5 0 3 .0 2 3 .2 2 1 2 . 2 1 1 . 0 0 8
11 3 .2 5 3 . 2 7 3 .2 7 3 .2 8 3 .2 8 1 2 . 2 1 1 . 0 1 5
9 2 . 9 5 2.  95 2 . 9 5 2 . 9 5 2 . 9 5 1 2 . 2 1 1 . 0 1 6
6 2 . 8 2 2 . 8 3 2 . 8 0 2 . 8 5 2 . 8 5 1 .0 0 0
2 3 . 0 2 3 . 0 3 3 .0 1 3 .0 3 3 . 0 3 0 .  998
0 . 7 2 . 7 5 2 . 7 5 2 . 7 5 2 . 7 5 2 . 7 5  . 0 . 9 9 6
- 0 . 5 1 . 0 7 1 . 2 5 2 . 1 5 1 . 2 5 0 . 8 8 0 . 9 9 8  1
T e m p e r a t u r e :  i oo C
P ro b e  P r e s s u r e
D i s t a n c e Above C e n t r e  L i n e On C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
f rom  E x i t L in e R a t e P r e s s u r e
p l a n e  (cm) 1 cm 0 . 5  cm 0 . 5  cm 1 cm ( k g / s ) ( b a r )
1 2 . 5 3 .2 5 3 . 2 0 2 . 6 0 2 . 9 8 2 . 6 1 1 0 . 6 4 1 . 0 0 9
11 1 . 8 0 1 . 7 5 1 . 7 5 1 . 8 0 1 . 8 0 1 . 0 1 6
9 1 . 7 8 1 . 8 0 1 .7 5 1 . 8 0 1 . 8 0 1 0 . 6 4 1 .0 1 6
6 1 .  80 1 . 7 8 1 . 7 8 1 . 7 7 1 . 7 8 1 0 . 6 4 1 . 0 1 3
2 1 . 7 0 1 . 7 2 1 . 7 0 1 . 7 3 1 . 7 0 1 0 . 6 4 0 .  998
0 . 7 1.  80 1 . 8 0 1.  80 1 . 8 0 1 . 8 8 1 0 . 7 5 0 . 9 9 8  j
- 0 . 5 0 . 7 5 1 . 2 0 1 . 7 5 1 . 2 6 0 . 9 0 1 - 1 0 .  64 0 . 9 7 7  j
T e m p e r a t u r e :  120 C
P ro b e  P r e s s u r e
D i s t a n c e Above C e n t r e  L i n e On C e n t r e Below C e n t r e  L i n e Mean Flow B a r o m e t r i c
f rom  E x i t L i n e R a t e P r e s s u r e
p l a n e  (cm) 1 cm 0 . 5  cm 0 . 5  cm 1 cm ( k g / s ) ( b a r )
1 2 . 5 2 . 5 5 2 . 7 5 2 . 5 0 2 . 2 4 2 . 0 8 9 . 4 6 1 . 0 0 9
11 1 . 0 8 1 . 1 0 1 . 1 0 1 . 1 0 1 . 1 0 9. 34 1 . 0 1 6
9 1 . 0 2 1 . 0 0 1 . 0 2 1 . 0 2 1 , 0 2 9 .3 4 1 . 0 1 6
6 1 . 3 0 1 .  30 1.  27 1 . 3 0 1 . 3 0 9 . 3 4 1 . 0 1 3
2 1 . 0 0 0 .  95 0 . 9 6  ■ 0 . 9 8 0 . 9 8 9 , 3 4 0 .9 9 8
0 . 7 1 . 0 0  j I , 0 2 1 ,oo  j 1 .,00 J . U d ! 9 , via u . q y r i
- 0  . 5 0  . 62 I n 8.2 0  86 i n  7 7 i n 80  ! Q an n . Q7 7
1 ' L Z ___ I , ■....... 1 — J
-93-
Boih  e x i t  an d  e n t r a n c e  r e g i o n s  show m arked  r a d i a l  p x - e s s n r e  g r a d i e n t s  
s u g g e s t i n g  some s w i r l i n g  o f  t h e  w a t e r  a t  b o t h  e x i t  and e n t r a n c e .  S im i l a r -  
r a d i a l  p r e s s u r e  g r a d i e n t s  w e r e  n o t e d  i n  r e f e r e n c e s  ( 1 6 )  an d  ( 1 7 ) ,  f o r  t h e  
e x i t  r e g i o n .  The e x i s t e n c e  o f  a  r a d i a l  g r a d i e n t  a t  t h e  e n t r a n c e  o f  t h e  n o z z l e s  
d o e s  n o t  seem t o  hav e  b e e n  p r e v i o u s l y  r e p o r t e d ,  a l t h o u g h  r e f e r e n c e  ( 3 )  i n c l u d e s  
i n d i c a t i o n s  c o n s i s t e n t  w i t h  s u c h  a  g r a d i e n t .
The e x t e n t  o f  t h e s e  g r a d i e n t s  i s  a f f e c t e d . b y  w a t e r  t e m p e r a t u r e  and  e n t r a n c e  
p r o f i l e  b u t  f o r  a  f i x e d  c o n d i t i o n ,  shows no v a r i a t i o n  w i t h  n o z z l e  l e n g t h .  F o r  a  
g i v e n  e n t r a n c e  p r o f i l e  t h e  p r e s s u r e  p r o f i l e s  a t  e x i t  an d  e n t r a n c e  show a  marked  
s i m i l a r i t y  a n d  d i f f e r  f r om  t h o s e  f o r  o t h e r  e n t r a n c e  p r o f i l e s .  The f l o w  a t  t h e  
e n t r a n c e  can b e  r e g a r d e d  a s  s u b c o o l e d ,  s i n g l e - p h a s e  w a t e r .
The f l a t  c e n t r a l  r e g i o n  i s  u n a f f e c t e d  by  e x i t  p r o f i l e  b u t  v a r i e s  i n  l e n g t h  
w i t h  n o z z l e  l e n g t h  an d  p r o f i l e .  The p r e s s u r e  i n  t h i s  s e c t i o n  i s  s l i g h t l y  ( " 0 . 5  
b a r )  b e lo w  t h e  s a t u r a t i o n  p r e s s u r e  c o r r e s p o n d i n g  t o  t h e  l i q u i d  b u l k  t e m p e i ’a t u r e .
No r a d i a l  p r e s s u r e  g r a d i e n t  was o b s e r v e d .
T h i s  e x p e r i m e n t a l  e v i d e n c e  s u g g e s t s  a  number  o f  c o n c l u s i o n s . F i r s t l y  t h e  
e v o l u t i o n  o f  v a p o u r  i n  t h e  f l o w  w i l l  b e  s t r o n g l y  a f f e c t e d  b y  t h e  n o z z l e  l e n g t h .
S e c o n d l y  t h e  p p t r a n c e  p r o f i l e  w i l l  a f f e c t  s u ch  f l o w  r a t e s  o n l y  by i t s  e f f e c t s  
on r e s i d e n c e  t i m e , c|ue t o  s w i r l i n g  and o t h e r  f e a t u r e s  o f  t h e  f l o w ,  a s s o c i a t e d  w i t h  
s u b c o o l e d  f l o w s .  No f l a s h i n g  t a k e s  p l a c e  i n  t h e  e n t r a n c e  r e g i o n .
T h i r d l y ,  t h e  e f f e c t s  o f  e n t r a n c e  p r o f i l e  a f f e c t  t h e  f l o w  a t  t h e  e x i t  o f  t h e  
n o z z l e .
A l t h o u g h  t h e  t h e o r e  L i c a l  s t u d i e s  i n  t h e  f i r s t  p a r t  o f  t h i s  t h e s i s  do n o t  
a t t e m p t  t o  d e s c r i b e  i n  d e t a i l  t h e  f l o w  p a t t e r n s  f o r  c r i t i c a l  f l o w  i n  s h o r t  
n o z z l e s ,  an  i n t e r e s t i n g  c o m p a r i s o n  can  b e  made w i t h  some o f  t h e  a s s u m p t i o n s  
u s e d  i n  d e v e l o p i n g  t h e  t h e o r y  and t h e  c o n c l u s i o n s  drawn i n  t h i s  s e c t i o n .
The a s s u m p t i o n  i n  t h e  t h e o r y  t h a t  t h e  l i q u i d  p h a s e  b e h a v e d  a s  a s u b c o o l e d  
l i q u i d  i s  b o r r e  o u t  by t h e  o b s e r v a t i o n s  o f  t h e  e f f e c t s  o f  e n t r a n c e  p r o f i l e ,  
b u t  t h e  t h e o r e t i c a l  assump l i o n s  o f  l i q u i d  c o r e  s u r f a c e  t e m p e r a t u r e  a r e  n o t  
c o n s - ' s t e n t  w i t h  t h e  e x p e r i m e n t a l  e v i d e n c e  on p r e s s u r e s  i n  t h e  m ai n  f l a t  r e g i o n  
o f  t h e  p r e s s u r e  p r o f i l e s .
7 . 5  D i s s o l v e d  Oxygen i n  t h e  W a te r  Sam ples_ _ _     II , 1 -  -   I, . ^ T M  ^  f  m  i n  I II I  I 1T  ■■ 11- M     i r  " i i . ' t  "I T — f  — -  f w - w i n n  i f  « « m m r , , #  m  . J  g i  —  wt
W a te r  s a m p l e s  we re  a n a l y s e d  u s i n g  t h e  p r o c e d u r e  s e t  o u t  i n  s e c t i o n  5 . 3 .
A l l  t h e  s a m p l e s  w e re  t a k e n  a t  t h e  en d  o f  t h e  n o z z l e  t e s t  prog ram me .
T y p i c a l  s a m p l i n g  p r e s s u r e  was 4 b a r ,  and s a m p l e s  w e r e  t a k e n  o f  w a t e r  
w h ich  h a d  n o t  b e e n  s t e a m - h e a t e d ,  w a t e r  w h ic h  h ad  b e e n  h e a t e d  t o  120 °C,  t o  
140 °C a n d  w a t e r  w h ich  h a d  b e e n  h e a t e d  t o  140 °C c y c l e d  once  t h r o u g h  t h e  
s y s t e m  an d  t h e n  r e h e a t e d  t o  140 ° C .
I n  a l l  c a s e s  t h e  s y s t e m  was p r e s s u r i s e d  u s i n g  t h e  a i  r - comp r e s  s o r  s y s t e m .
I n  a l l  c a s e s  two s e p a r a t e d  a n a l y s e s  we re  c a r r i e d  o u t ,  u s i n g  0 . 0 0 1  N 
s o d iu m  t h i o s u l p h a t e , an d  t h e  c a l c u l a t i o n  o f  oxy gen c o n t e n t  c a r r i e d  o u t  i n  
a c c o r d a n c e  w i t h  Annexe A t o  C h a p t e r  6.
The r e s u l t s  o f  t h e s e  a n a l y s e s  a r e  e x p r e s s e d  i n  T a b l e  7 . 4 .  The d e s i g n a t i o n  
o f  s am p le  t i t r a t i o n s  i s  t h a t  g i v e n  i n  Annexe A t o  C h a p t e r  6 .  The e r r o r s  i n  
t i t r a t i o n  a r e  t a k e n  a s  _+ 0 . 5  m l ,  g i v i n g  a  f i n a l  ox yg en  c o n t e n t  e r r o r  o f  _+ 0 . 1  ppm.
From t h e s e  r e s u l t s  i t  i s  c l e a r  t h a t  f o r  t h i s  e x p e r i m e n t a l  s y s t e m  e v e n  a  
s i n g l e  h e a t i n g  c y c l e  m a r k e d l y  z e d u c e s  t h e  q u a n t i t y  o f  d i s s o l v e d  ox ygen i n  t h e  
w a t e r  u s e d ,  w h i l e  s u c c e s s i v e  c y c l e s  h av e  much l e s s  e f f e c t .
A l t h o u g h  t h i s  s e t  o f  s a m p l e s  i s  b y  n o  means c o n c l u s i v e ,  t h e  r e s u l t s  q u o t e d  
i n  T a b l e  6 . 4  do s u g g e s t  t h a t  f o r  a l l  t h e  e x p e r i m e n t a l  r u n s  q u o t e d  i n  t h i s  
c h a p t e r ,  t h e  d i s s o l v e d  o xygen  c o n t e n t  i n  t h e  w a t e r  u s e d  was l e s s  t h a n  0 . 5  ppm.
R e c e n t  s t u d i e s  o f  n u c l é a t i o n  p r o c e s s e s  ( 6 3 )  h a v e  e m p h a s i s e d  t h e  i m p o r t a n c e  
o f  t h e  p r e s e n c e  o f  d i s s o l v e d  g a s e s  i n  p r o m o t i n g  n u c l é a t i o n .  I n  much o f  t h e  p r e s e n t  
work t h e  p o s s i b i l i t y  o f  n u c l é a t i o n  i n  f l a s h i n g  f l o w s  h a s  b e e n  i g n o r e d .  I f  t h e  low 
v a l u e s  f o r  c o n c e n t r a t i o n s  o f  d i s s o l v e d  o x y g e n ,  f o u n d  h e r e ,  a r e  r e p r e s e n t a t i v e ,  an d  
t h e  work o f  r e f e r e n c e  ( 6 3 )  a c c u r a t e l y  d e s c r i b e s  t h e  n u c l é a t i o n  p r o c e s s ,  t h e n  i t  
w o u ld  seem t h a t  f o r  t h e  f l o w s  s t u d i e d  h e r e  t h e  a s s u m p t i o n  t h a t  b u b b l e  f o r m a t i o n  
p l a y s  n o  p a r t  i n  t h e  p r o c e s s  o f  v a p o u r  e v o l u t i o n  i s  a c c e p t a b l e .
Table 7.4
D i s s o l v e d  Oxygen C o n t e n t  f o r  W a te r  Sam ples
Table 7.4
F i r s t  T i t r a t i o n  
( D i s s o l v e d  Oxygen)
Seco n d  T i t r a t i o n  
( D i s s o l v e d  O x i d e n t s )
Sam ple  Volume Oxygen Cone,  
(ppm)
W a te r  Sample
C o ld  (No h e a t i n g ) 105 ml 11 ml52 ml
102 ml 50 ml 11 ml
98 ml 10 mlH e a t e d  o n c e  t o  120 C 15 ml 0 . 4
11 ml102 ml 15 ml
105 mlH e a t e d  once  t o  140 C 16 ml 12 ml
10 3 ml 16 ml 13 ml
H e a t e d  t w i c e  t o  140 C 96 ml 16 ml 13 ml
104 ml 15 ml 13 ml
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In  t h e s e  e x p e r i m e n t s  no a t t e m p t  was r-ade t o  d e t e r m i n e  t h e  q u a n t i t i e s  o r  
s i z e s  o f  s u s p t a id o d  s o l i d  p a r t i c l e s  i n  t h e  w a t e r  u s e d .  A l t h o u g h  t h e  w a t e r  
a p p e a r e d  c l e a r  an d  f r e e  o f  s u s p e n d e d  s o l i d s , i t  i s  l i k e l y  t h a t  some s m a l l  
p a r t i c l e s  e x i s t e d  i n  s u s p e n s i o n .  T h e s e  s m a l l  p a r t i c l e s  w oul d  o f f e r  n u c l é a t i o n  
s i t e s J  h o w e v e r 5 i t  h a s  r e c e n t l y  b e e n  shown ( 6 3 )  t h a t  w a t e r  s a m p l e s  c o n t a i n i n g  
s m a l l  p a r t i c l e s  o f  s i z e  a b o u t  30 m i c r o n s  w i l l  show c o n s i d e r a b l e  d e l a y s  i n  
n u c l é a t i o n  i f  t h e  q u a n t i t y  o f  d i s s o l v e d  oxygen i s  l e s s  t h a n  a b o u t  0 . 3  ppm.
T h i s  ox y g en  c o n t e n t  i s  g r e a t e r  t h a n  t h a t  f o u n d  f o r  t h e  w a t e r  u s e d  h e r e  and 
i t  i s  u n l i k e l y  t h a t  t h e  p r e s e n c e  o f  s o l i d  p a r t i c l e s  w o u ld  e n h a n c e  n u d e  i t  i o n  
i n  t h i s  c a s e .
7 , 6  C h a p t e r  Review
The d a t a  p r e s e n t e d  i n  t h i s  c h a p t e r s  p r o v i d e s  a s m a l l  a d d i t i o n  t o  t h e  mass 
o f  i n f o r m a t i o n  a v a i l a b l e  on t w o - p h a s e  c r i t i c a l  f l o w s .  L i k e  t h e  r e s t  o f  t h i s  
t h e s i s  t h e  e x p e r i m e n t a l  s t u d y  i s  c o n f i n e d  t o  i n i t i a l  s u b c o o l e d  f l o w s .
I n  t h e  c h a p t e r  t h e  e x p e r i m e n t a l  v a l u e s  o b t a i n e d  i n  t h e  programme hav e  b e e n  
p r e s e n t e d  i n  t h e  fo rm  o f  t a b l e s  and g r a p h s j  b u t  d i s c u s s i o n  h a s  b e e n  c o n f i n e d  
t o  d e t a i l e d  d e s c r i p t i o n  o f  t h e  a p p a r e n t  t r e n d s  o f  t h e  d a t a .  The p o l i c y  i n  
t h i s  p a r t  o f  t h e  t h e s i s  h a s  b e e n  t o  p r e s e n t  t h e  d a t a  and t o  a v o i d  i n t e r p r e t a t i o n , 
s i n c e  t h e  d a t a  i s  c e r t a i n > b u t  i n t e r p r e t a t i o n  i s  s u b j e c t i v e .
However  t h e  p r e d i c t i o n  o f  t h e  t h e o r e t i c a l  mode l  s e t  o u t  i n  C h a p t e r  M h a v e  
b e e n  ex a m in e d  u s i n g  t h i s  d a t a .
S e c t i o n  5 . 2  o f  C h a p t e r  5 s e t  o u t  f o u r  r e q u i r e m e n t s  f o r  t h e  e x p e r i m e n t a l  
s t u d y  an d  t h e  e x p e r i m e n t a l  d a t a  p r e s e n t e d  i n  t h i s  c h a p t e r  m e e t s  t h o s e  r e q u i r e m e n t s
T h e s e  w e r e ,  t h e  d e t e r m i n a t i o n  o f  ( 1 )  v a r i a r i o n  o f  c r i t i c a l  f l o w  r a t e  w i t h
l i q u i d  s u p e r h e a t ,
( 2 )  v a i ' i a t i o n  o f  c r i t i c a l  f l o w  r a t e  w i t h  
e n t r a n c e  p r o f i l e ;
( 3 )  v a r i a t i o n  o f  c r i t i c a l  f l o w  r a t e  w i t h  r a t i o r
f t )  p r e s s u r e  g r a d i e n t s  i n  t h e  n o z z l e s .
A l l  o f  t h e s e  v a r i a t i o n s  h a v e  b e e n  exam ine d  a t  one  t i m e  o r  a n o t h e r  by
v a r i o u s  e x p e r i m e n t e r s  and'  t h e  p r e v i o u s  work i s  d i s c u s s e d  i n  C h a p t e r  1 ,  
b u t  n e v e r  b e f o r e  w e r e  a l l  t h e s e  v a r i a t i o n s  ex am ine d  t o g e t h e r  f o r  low 
p r e s s u r e  c r i t i c a l  f l o w s .
S i m i l a r l y  t h e  e x p e r i m e n t a l  a p p a r a t u s  was i n  no  way u n u s u a l ,  t h o u g h  
mos t  s i m i l a r  s y s t e m s  h a v e  b e e n  r a t h e r  more s o p h i s t i c a t e d ,  b u t  no  s y s t e m  h a s  
b e e n  u s e d  t o  o b t a i n  i n f o r m a t i o n  on t h e  e f f e c t s  o f  a l l  f o u r  p a r a m e t e r s  m e n t i o n e d  
a b o v e .
The d a t a  p r e s e n t e d  h e r e ,  and  i n d e e d ,  tlie e x p e r i m e n t a l  s t u d y ,  i b  u n i q u e  
o n l y  i n  t h a t  n e v e r  b e f o r e  have  c r i t i c a l  f l o w  r a t e s  an d  p r e s s u r e  d i s t r i b u t i o n  b e e n  
d e t e r m i n e d  on a s i n g l e  s y s t e m  f o r  a  s e t  o f  n o z z l e s ,  i n c o r p o r a t i n g  s o  many 
v a r y i n g  p a r a m e t e r s .  F o r  t h i s  r e a s o n ,  com par isons ,  and d e d u c t i o n s  o f  e f f e c t s  
f rom  v a r y i n g  p a r a m e t e r s  h a v e  b e e n  made much e a s i e r .  C o n v e r s e l y  t h i s  e x a m i n a t i o n  
o f  a w id e  r a n g e  o f  v a r i a t i o n s  on s t a n d a r d  p a r a m e t e r s  h a s  i n t r o d u c e d  c e r t a i n  
r e s t r i c t i o n s  i n  t h e  u t i l i t y  o f  t h e  r e s u l t s . T h e se  a r e  t h a t
( i )  o n l y  i n i t i a l  s u b c o o l e d  f l o w s  h a v e  b e e n  e x a m i n e d ;
( i i )  o n l y  v e r y  s i m p l e  n o z z l e  fo r m s  h a v e  b e e n  t e s t e d .
W i t h i n  t h e  l i m i t s  im posed  by t h e  e x p e r i m e n t a l  d e s i g n  t h i s  c o m p r e h e n s i v e  
s e t  o f  d a t a  on low p r e s s u r e  c r i t i c a l  f l o w s  s h o u l d  p r o v e  t o  b e  o f  c o n s i d e r a b l e  
v a l u e ,  o f f e r i n g  d i r e c t  c o m p a r i s o n  o f  t h e  e f f e c t s  o f  c e r t a i n  p a r a m e t e r s  on 
r a t e s  o f  c r i t i c a l  f l a s h i n g  f l o w .
To s u m m a r i s e .  C h a p t e r  7 p r e s e n t s  a  s e t  o f  d a t a  on low p r e s s u r e  c r i t i c a l  
f l o w s ,  drawn fi-om e x p e r i m e n t s  on a s i n g l e  s e t  o f  n o z z l e s  on a  s i n g l e  e x p e r i ­
m e n t a l  a p p a r a t u s .
The work co m plem en ts  a n d  e x t e n d s  t h o s e  by p r e v i o u s  e x p e r i m e n t e r s  i n  t h a t  
i t  c o v e r s  a  w id e  v a r i a t i o n  o f  s t a n d a r d  p a r a m e t e r s ,  i n d e e d  a l t h o u g h  t h e  d a t a  
p r e s e n t e d  does  n o t  e x t e n d  t h e  a r e a  o f  kn o w led g e  o f  t w o - p h a s e  c r i t i c a l  f l a s h i n g  
f l o w s ,  i t  c o n f i r m s  a n d  d e e p e n s  t h a t  k n o w l e d g e .
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Chapter 8 - Genera] Discussion of Present Work and Suggestions for Further
D e v e lopment s
8 .1  I n t r o d u c t i o n
The p r e v i o u s  c h a p t e r s  o f  t h i s  t h e s i s  f a l l  i n t o  two p a r t s .  The f i r s t  i s  
d e v o t e d  t o  t h e  e x p o s i t i o n  o f  a new t h e o r e t i c a l  m odel o f  c r i t i c a l  f l a s h i n g  f l o w s ,  
w h i l e  t h e  s e c o n d  p a r t  d e s c r i b e s  e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  c e r t a i n  a s p e c t s  
o f  t h e s e  f low s,.
T h i s  c h a p t e r  i s  i n t e n d e d  t o  d i s c u s s  t h e  r e l a t i o n s h i p  b e tw e e n  t h o s e  p a r t s ,
The d i s c u s s i o n  w i l l  i l l u s t r a t e  t h e  c o n t r i b u t i o n s  f ro m  t h e  work an d  i d e n t i f y  
t h e  l i m i t s  o f  t h e  p r e s e n t a t i o n .  An a t t e m p t  w i l l  b e  made t o  s u g g e s t  a r e a s  o f  t h e  
p r e s e n t  w ork  w h ic h  m ig h t  b e  f r u i t f u l l y  e x t e n d e d  i n  f u t u r e  s t u d i e s .  D e t a i l e d  
comments on t h e  v a r i o u s  p a r t s  o f ' t h i s  w ork h av e  b e e n  p r e v i o u s l y  made an d  w i l l  
n o t  b e  r e p e a t e d  h e r e .
8 .2  Summary o f  t h e  C o n t r i b u t i o n s  o f  t h i s  w or](
The w ork  p r e s e n t e d  i n  t h i s  t h e s e ,  w h e th e r  e x p e r i m e n t a l  o r  t h e o r e t i c a l ,  owes 
much t o  t h e  e f f o r t s  o f  p r e v i o u s  a u t h o r s ,  w hose w orks  a r e  r e v i e w e d  i n  C h a p te r  1 .  
D e s p i t e  t h i s  o b v i o u s  d e b t ,  i t  i s  c l a im e d  t h a t  t h i s  p r e s e n t  c o n t r i b u t i o n  t o  t h e  
k n o w led g e  o f  t w o - p h a s e  c r i t i c a l  f lo w s ,  i s  s i g n i f i c a n t .  f
On t h e  t h e o r e t i c a l  s i d e  t h e  m odel p r o p o s e d  o f f e r s  a d e q u a t e  p r e d i c t i o n s  o f  
c r i t i c a l  f lo w  r a t e s  w i t h i n  t h e  known l i m i t s  o f  t h e  m o d e l ,  t h e  l i m i t s  b e i n g  i n t r o d i  
by  c e r t a i n  o f  t h e  a s s u m p t i o n s  u s e d  i n  t h e  f o r m u l a t i o n  o f  t h e  m o d e l .  The model i s  
b u i l t  a r o u n d  a  new m ethod  o f  c a l c u l a t i n g  m ass t r a n s f e r  r a t e s  b e tw e e n  p h a s e s  a t  
s h o r t  t im e  i n t e r v a l s ,  b u t  a l s o  i n c o r p o r a t e s  c o n c e p t s  f i r s t  p r o p o s e d  b y  e a r l i e r  
a u t h o r s .  A l th o u g h  t h e s e  e a r l i e r  c o n c e p t s  a r e  u s e d ,  t h i s  c o m b i n a t i o n ,  i n  t h e  
p r e s e n t  m o d e l ,  i s  u n i q u e .
The e x p e r i m e n t a l  s t u d i e s  a r e  o r i g i n a l  i n  two s e n s e s .  F i r s t l y  t h e  e x p e r i ­
m e n t a l  s y s t e m  was s p e c i f i c a l l y  b u i l t  f o r  t h e s e  s t u d i e s  an d  t h e  s y s te m  was 
d e s i g n e d  from  b a s i c  p r i n c i p l e s ,  a l t h o u g h  i n f l u e n c e d  by  p r e v i o u s  s i m i l a r  s y s t e m s .  
H ence t h e  d a t a  p r o d u c e d  h e r e  mus’’. b e  r e g a r d e d  as  u n i q u e .
S e c o n d l y , an d  m ore i m p o r t a n t l y ,  t h e  d a t a  p r o d u c e d  by  t h e  e x p e r i m e n t a l
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fo rm  a  u n iq u e  i n t e g r a t e d  s e t  o f  r e s u l t s  sh o w in g  t h e  e f f e c t  o f  c o n t r o l l e d  
v a r i a t i o n  o f  c e r t a i n  p a r a m e t e r s  on c r i t i c a l  f lo w  r a t e s  o f  i n i t i a l l y  s u b c o o le d  
w a t e r .
C om p ariso n  o f  t h e  t h e o r e t i c a l  p r e d i c t i o n s  an d  e x p e r i m e n t a l  d a t a  h a s  b e e n  
made i n  C h a p t e r  7 ,  b u t  some o f  t h e  i m p o r t a n t  p o i n t s  i n  t h e  c o m p a r i s o n  may b e  
r e c a p i t u l a t e d  h e r e .
T h i s  c o m p a r i s o n  shows t h a t ,  w h i l e  t h e  m odel g i v e s  r e a s o n a b l e  p r e d i c t i o n s  
o f  f lo w  r a t e s ,  a t  l e a s t  o n e  t h e o r e t i c a l  a s s u m p t i o n ,  n am e ly  t h a t  o f  l i q u i d  c o r e  
s u r f a c e  t e n p e r a t u r e ,  i s  n o t  c o n s i s t e n t  w i t h  t h e  o b s e r v e d  l o c a l  p r e s s u r e  f o r  c r i t i c a l  
f lo w s  i n  g l a s s  n o z z l e s .  On t h e  o t h e r  h an d  t h e  p r e d i c t i o n s  o f  t h e  t h e o r e t i c a l  
m odel t h r e w  d o u b t  on t h e  m a g n i tu d e  and  d i r e c t i o n  o f  t h e  d i s c o n t i n u i t y  i n  f lo w  
r a t e  c u r v e s  b e tw e e n  n o z z l e s  w i t h  1" ( 2 . 5 4  cm) and 0 . 5 ” ( 1 . 2 7  cm) d i a m e t e r s .
T h e se  two e x a m p le s  i l l u s t r a t e  t h e  i n t e r d e p e n d e n c e  o f  t h e  t h e o r e t i c a l  and  
e x p e r i m e n t a l  s t u d i e s  i f  b o t h  s t u d i e s  a r e  d e s i g n e d  f ro m  t h e  s t a r t  t o  ex am in e  
s i m i l a r  f l o w s .  Thus a  k n o w led g e  o f  e x p e r i m e n t a l  d a t a ,  r e f i n e s  t n e  t h e o r e t i c a l  
m o d e l ,  w h i l e  a t h e o r e t i c a l  m odel may h e l p  t o  i n d i c a t e  a r e a s  o f  p o s s i b l e  e r r o r ,  
o r  f u r t h e r  e x p e r i m e n t a l  i n t e r e s t  i n  an e x p e r i m e n t a l  s t u d y .
8 . 3  The L i m i t a t i o n s  o f  t h e  Work, S u g g e s t i o n s  f o r  F u t u r e  S t u d i e s
To s a y  t h a t  no r e s e a r c h  w ork  i s  e v e r  c o m p le te  may b e  a common c l i c h e ,
b u t  n e v e r t h e l e s s  t h e  c l i c h e  c o n t a i n s  c o n s i d e r a b l e  t r u t h .  T h i s  s e c t i o n  s e t s
o u t  some o f  t h e  known l i m i t a t i o n s  o f  t h e  p r e s e n t  w ork and  makes s u g g e s t i o n s  
f o r  p o s s i b l e  f u t u r e  e x t e n s i o n s .
Most o f  t h e  l i m i t a t i o n s  w e re  i n t r o d u c e d  i n  t h e  d e s i g n  o f  t h e  e x p e r i m e n t a l
s y s te m  o r  i n  t h e  a s s u m p t i o n s  made i n  d e v e l o p i n g  t h e  t h e o r e t i c a l  m o d e l .  F o u r
l i m i t a t i o n s  a p p e a r  t o  b e  n o t e w o r t h y .  T h ese  a r e :
( a )  B o th  e x p e r i m e n t a l  and  t h e o r e t i c a l  s t u d i e s  a r e  c o n f i n e d  t o  f l o w s
o f  w a t e r  i n  s y s t e m s  w h e re  t h e  maximum p r e s s u r e  i s  l e s s  t h a n  8 b a r ,
an d  t h e  maximum te m p e r a L u r e  i s  l e s s  t h a n  150 ^C.
( b )  T h e se  s t u d i e s  a r e  c o n f i n e d  t o  f lo w s  w h e re  t h e  w a t e r  u p s t r e a m  o f  t h e
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( c )  Botli s t u d i e s  a p p l y  o n ly  t o  f lo w s  i n  n o z z l e s  o f  
s i  T r ip le  fo rm .
( d )  C r i t i c a l  f l o w  h a s  b e e n  o b t a i n e d  o n ly  by i n c r e a s i n g  
u p s t r e a m  p r e s s u r e s .
Of t h e s e  f o u r  l i m i t a t i o n s ,  t h e  f i r s t  d o es  n o t  r e s t r i c t  t h e  u t i l i t y  o f  
t h e  w o r k , e i t h e r  a s  a  c o n t r i b u t i o n  t o  t h e  ac a d e m ic  s t u d y  o f  e q u i l i b r a t i o n  
r a t e s  a n d  f l a s h i n g  f l o w s ,  o r ,  i n d e e d ,  a s  a  p o s s i b l e  s o u r c e  o f  i n f o r m a t i o n  
t o  t h e  d e s i g n e r  o f  m ore p r a c t i c a l  s y s t e m s ,  s i n c e  some f l a s h i n g  f l o w s  f o u n d  
i n  e n g i n e e r i n g  a p p l i c a t i o n s  t a k e  p l a c e  a t  su ch  low t e m p e r a t u r e s .
The s e c o n d ,  t h i r d  and  f o u r t h  l i m i t a t i o n s  do r e s t r i c t  t h e  u t i l i t y  o f  t h e  
w o rk ,  an d  e f f o r t s  s h o u l d  b e  made t o  e x t e n d  t h e  s t u d i e s  d e s c r i b e d  h e r e  t o  o v e r ­
come t h e s e  l i m i t a t i o n s .  I t  i s  t h e s e  p o s s i b l e  e x t e n s i o n s  w h ic h  fo rm  t h e  b u l k  
o f  t h e  s u g g e s t e d  p o s s i b l e  f u t u r e  w ork t o g e t h e r  w i t h  an  a d d i t i o n  t o ' t h e  
p a r a m e t e r s  o b s e r v e d .
B e f o r e  d i s c u s s i n g  t h i s  f u t u r e  w ork i t  may b e  n o t e d  t h a t  t h e  s im p le  
i n s t r u m e n t a t i o n  em p lo y ed  on t h e  e x p e r i m e n t a l  s y s te m  seem s t o  h av e  p e r f o r m e d  
a d e q u a t e l y  f o r  t h e  s t u d i e s  r e p o r t e d  h e r e .  T h is  p e r f o r m a n c e  d o es  n o t  p r e c l u d e  
t h e  i n t r o d u c t i o n  o f  more s o p h i s t i c a t e d  m e a s u r in g  i n s t r u m e n t s  t o  g i v e  a  c o n t i n u o u s  
r e c o r d  o f  v a r i o u s  p a r a m e t e r s ,  f o r  exam ple  t h e  u s e  o f  p r e s s u r e  t r a n s d u c e r s  i n  
p l a c e  o f  p r e s s u r e  g a u g e s ,  t h e r m o c o u p le s  e t c . ,  a l l  c o n n e c t e d  t o  some e l e c t r o n i c  
d a t a - l o g g i n g  s y s t e m .
I n  a d d i t i o n  t o  t h e  p r e s e n t  s y s t e m ,  s i n c e  t h e s e  c r i t i c a l  f lo w  s t u d i e s  a r e  
much c o n c e r n e d  w i t h  r a t e s  o f  e q u i l i b r a t i o n  and  t h e  p o s s i b l e  e x i s t e n c e  o f  
m e t a s t a b l e  s t a t e s  a t  p o i n t s  i n  t h e  f l o w ,  i t  w o u ld  b e  o f  v a l u e  t o  add  some 
th e r m o c o u p le  s y s t e m  t o  t h e  p r e s s u r e  p r o b e s .  T h i s  w o u ld  e n a b l e  t h e  s i m u l t a n e o u s  
o b s e r v a t i o n  o f  p r e s s u r e  an d  t e m p e r a t u r e  p r o f i l e s  i n  f lo w s  a n d ,  a l t h o u g h
p ro b le m s  a r i s e  i n  i d e n t i f y i n g  t o  w h ich  p h a s e  t h e  o b s e r v a t i o n  a p p l i e s ,  su ch  
s i m u l t a n e o u s  p r o f i l e s  w o u ld  a s s i s t  i n  d e t e r m i n i n g  t h e  e x i s t e n c e  c f  r e g i o n s  
i n  w h ich  t h e  l i q u i d  p h a s e  was s u u t : r h e a t e d .
The m o d i f i c a t i o n  o f  t h e  e x p e r i m e n t a l  s y s te m  t o  ov erco m e t h e  s e c o n d  an d  
t h i r d  l i m i t a t i o n  w o u ld  b e  c o m p a r a t i v e l y  s i m p l e .  The i n t e r n a l  s h a p e s  o f  t h e  n o z z l e s  
c o u ld  b e  m o d i f i e d ,  f rom  t h e  p r e s e n t  s i m p le  fo rm ,  p e r h a p s  b y  b u i l d i n g  up a 
" s a n d w ic h ” o f  d e t a c h a b l e  e n t r a n c e s ,  e x i t s ,  and  t h r o a t s .  The c r i t i c a l  f lo w  
t e s t s  c o u l d  b e  c a r r i e d  o u t  i n  t h e  m an n e r  d e s c r i b e d  i n  C h a p t e r  7 ,
To ex am in e  c a s e s  i n  w h ich  t h e  f lo w  a t  t h e  n o z z l e  e n t r a n c e  was n o t  s i n g l e  
p h a s e ,  some s t e a m ,  o r  a i r ,  i n j e c t o r  c o u l d  be  f i t t e d  u p s t r e a m  o f  t h e  n o z z l e  t e s t  
s e c t i o n .  The d e s i g n  o f  t h i s  i n j e c t o r  sh o u ld  e n s u r e  t h a t  t h e  i n j e c t e d  p h a s e  
was d i s t r i b u t e d  i n  a  known p a t t e r n  and  t h e  f lo w  p a t t e r n  u p s t r e a m  o f  t h e  
n o z z l e  w o u ld  assum e i n c r e a s e d  i m p o r t a n c e .  P ro b le m s  m ig h t  a l s o  a r i s e  i n  f i t t i n g  
t h e  i n j e c t o r  i f  t h e  p r e s e n t  o r i f i c e  p l a t e  s y s te m  was r e t a i n e d  f o r  f lo w  m e a s u re m e n ts  
W ith  r e g a r d  t o  t h e  t h e o r e t i c a l  m o d e l ,  c o n s i d e r a b l e  p r o b le m s  may a r i s e  i n  
a t t e m p t i n g  t o  p ro d u c e  p r e d i c t i o n s  o f  t h e  c r i t i c a l  f l o w  o b s e r v a t i o n s  w h ich  w o u ld  
b e  o b t a i n e d  i n  an e x t e n d e d  e x p e r i m e n t a l  programme o f  t h i s  t y p e .  At p r e s e n t  t h e  
m ode l  a ssu m es  a  f lo w  p a t t e r n  w h ich  h a s  b e e n  o b s e r v e d  o n ly  f o r  c r i t i c a l  f lo w s  o f  
i n i t i a l  s u b c o o l e d  w a t e r ,  h o w e v e r  some o f  t h e  t e c h n i q u e s  u s e d  m ig h t  b e  o f  v a l u e  
i n  f o r m u l a t i n g  a  r e v i s e d  m odel  t o  d e s c r i b e  t h e  o b s e r v a t i o n s  o f  t h e  e x t e n d e d g r o g r a r r  
To ex am in e  t h e  c r i t i c a l  f l o w  r a t e s  fo u n d  i f  t h e  p r e s s u r e  d ro p  a c r o s s  t h e  
n o z z l e s  w ere  a l t e r e d  b y  c h a n g in g  t h e  b a c k  p r e s s u r e ,  a  t h r o t t l e  c o u l d  b e  
i n t r o d u c e d  i n  t h e  8"  (2 0 3  mm) l i n e  f ro m  t h e  d e f l e c t o r  b o x  t o  t h e  m ain  r e c e i v i n g  
t a n k .  By t h i s  means t h e  b a c k  p r e s s u r e  a t  t h e  n o z z l e  c o u l d  b e  a l t e r e d .
The r e a s o n s  f o r  n o t  i n c o r p o r a t i n g  t h i s  m o d i f i c a t i o n  i n i t i a l l y  w ere  d i s c u s s e d  
i n  C h a p te r  5 .  However c o m p a r i s o n  o f  c r i t i c a l  f lo w  r a t e s  o b t a i n e d  by  v a r y i n g  t h e  
b a c k  p r e s s u r e  w i t h  t h o s e  c o r r e s p o n d i n g  f lo w  r a t e s  g i v e n  i n  T a b le  7 .1  w o u ld  h e l p  
t o  r e s o l v e  t h e  p ro b le m  o f  d i s t i n g u i s h i n g  b e tw e e n  e x p e r i m e n t a l  m eth o d s  i n  d e t e r ­
m i n a t i o n s  o f  c r i t i c a l  f lo w  r a t e s .  Hence su c h  c o m p a r i s o n s  c a r r i e d  o u t  on t h e  
same s e t  o f  t e s t  n o z z l e s  w o u ld  be  o f  c o n s i d e r a b l e  i n t e r e s t .
8 . 4  C lo s u r e
The p r e v i o u s  r e m a rk s  i n  t h i s  c h a p t e r  h a v e  d i s c u s s e d  t h e  t h e o r e t i c a l
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an d  e x p e r i m e n t a l  w ork p r e s e n t e d  i n  t h i s  t h e s i s .  Some i d e a s  h a v e  b e e n  s e t  
f o r t h  f o r  p o s s i b l e  f u t u r e  w ork on t h i s  t y p e  o f  f lo w  s i t u a t i o n  u s i n g  t h e  
p r e s e n t  w ork  a s  a  f o u n d a t i o n .
A s s e s s i n g  t h e  c o n t r i b u t i o n  o f  a  t h e s i s  o f  t h i s  t y p e  i s  a lw a y s  d i f f i c u l t ,  
b u t  t h e  c o m b in a t io n  o f  t h e o r e t i c a l  m odel an d  e x p e r i m e n t a l  d a t a  f o r  c r i t i c a l  
f l a s h i n g  f lo w s  o f  t h i s  t y p e  o f f e r s  a d e f i n i t e  c o n t r i b u t i o n  t o  k n o w led g e  
o f  t w o - p h a s e  c r i t i c a l  f l a s h i n g  f l o w s .  T h e r e  a r e ,  o f  c o u r s e ,  a r e a s  w h e re  f u r t h e r  
w ork c o u l d  p r o f i t a b l y  be  c a r r i e d  o u t ,  b u t  a l t h o u g h  t h i s  p r e s e n t  work m ust 
s t a n d  o r  f a l l  on i t s  own m e r i t s ,  i t  i s  c l e a r  t h a t  i t  h a s  a d d e d  s o m e t h f i g  t o  
t h e  u n d e r s t a n d i n g  o f  t w o - p h a s e  c r i t i c a l  f l a s h i n g  f l o w s .
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NOMENCLATIVE 
/l .ci /l , area of surlace :
C, concentrat ion :
Cp, speciiic heat at constant picssnrc :
D.  diifnsion coclTicicnt :
heat- tiansfcr  codi'icier.i :
/i/). mass transfer coefficient ;
thermal ronductivity ;
I. time;
u . velocity of 11 uid :









temperature ditfcrcnce between lluid and traus 
1er surface.
-X. in bulk lluid ;
0. at transfer surface.
A ■I'liirORV of the observed correlation between convcciivc 
heal transfer and convective inoinentiiin translcr appears first 
to have been suggcvlcd by Revnolds f ; j.- Reynolds theory 
assumed tluu both such processes were due to the motion 
of fin id particles in lateral directions relative lo Ifie mean 
axial flow of the Ihiid. In I95& Silver [2] suggested ih.al bv 
deducing the amount of lateral motion I Y o u l  known experi- 
mental results oi heat transfer or of fiictioual resistance the 
limit rates of mass tran.sler access to a surface could be 
calcula ted. 1 roni 191)0 to 1954 this w as ap.phcd by liim to ti.e 
v'alcuiatioti of combustion rales of fuel particles and in 
llmbeds [3. 4]. and later to the calculation of condensation 
rate ' and associated pressure drop [5], Meanwhile similar 
appliwition.s of Key uokl.s tlicorv had been developed by 
Spalding fG] who coined the term Reynolds Flux as a name 
for the as aimed lateral motion ol lluid p;ii liclcs Roth Silver 
and Spak.'ng recognised that they vvetc dev eloping a 
concept iuitiitcd 1 y Reynolds.
However, ci 1951 Diuckvveits [T] in discussiug gas 
absor])tioii in h tu:d films suggested a ;noccss ol ren 'acertent 
ol liquid surface tp l.atetal How oMVesh liquid, and Mtckfiv ' 
Fait banks [8] ad..nted this to a discussion of hc;:i translcr in 
fiuidi/ed beds. Iwinckwerts coined the term ".surface 
renewal mechanism" to describe his idea. I here is no 
doubt, however, that die underlying concept is an a.^sumed 
lateral flu.x. yet neither Danckwcrts nor Micl.hrv and 
Ifiiirbanks appear to have recogni/ed ti'.e identity of this 
concept wit It that of Reynolds. The explanation of this may 
have been that, as discussed in the Reynolds Ccntcuaiy 
volume [91, Reynolds actual theoretical model was largely 
ncelccted because of the loose term "Rev uoRls An aloe v'
* Footno te :  This is I think correct, although Thomson 
{Lord Kelvin) was on the same track earlier. In 185(' 
commenting on a p.iper by .Ionic he tefcrrcd to "clogging 
of  the water  caused by the he.itinc. ivarticl.s not being, 
quick IV cnougli earned aw av and replaced bv violer onet.'fi 
R.STi.
which had been commonly used to describe Ins ideas, and 
it vviis only 'rom [2] onwards (195th. that imerest was 
directed to the flu.x concept. Alternatively it may sim|dy 
illu.s-'ratc the common difficulty of "information translcr"  
from one. field of study to another.
We I’aive c'-.imined several relerciices to surface renewal 
theory [lO L’.J including one very lecently in this journal 
and in no case itave we found comment on its relation to 
Rev no Id'S theory
It sccins I hereto: e worthwhile to point this out brielly.
Whf'ie Reynolds referred *o "non molecular fluid 
particles". Dauekvvcrts speaks of “ eddies e.xpo.sing fresh 
surface" from the interior of the IK uid. and Silvei adopts the 
general term "entities" to describe ilic elements vvnose 
lateral motion coiistifiites llw lateral lU.x.
In Reynolds origmil tbeoiy, the lateral tlux v.as assumed 
to reach v.quiiibriurii with wail suihice conditions in- 
starttaneoU),ly on teaching, the wail. 1 his vunpie assumption 
was on the whole maint.lined in th.e fur'her work by Sit 'cr 
and by Spalding, dihough in 1966 Sibci [13] di.scusscd tlie 
possibility that the return Ilux horn tlr; wail miglit not la.ve 
readied equililnium with wall cor.di.ions Da.ickvverts. 
however, included the jvossibility of in omplcte cquilibi aiion 
of flux with, wall conditi.oivs ricfii bom die start.
.A duration time of die entity wink' m coni.ict vciih the 
surface is postulated, and diffus’on eq .unions ;or cnerygv. 
mass, c; inomcntuu' can be applied for these duiv'tion 
times. .A sti'tistieal mean life and coiaespomfing r.Tcan 
transfer tales can be assessed. This has be-a the pattern of 
developmrnt of surfine renewal theory.
It i.s seen thercfoic that c.swntiallv surfao' lencw ,.l 
theory is one foim of refinement of Rev nolds theory, using 
1 he same basic c..meepl of a hdciaî fhi.v. but permiiting 
adtustnients ihrough the concent of extent oi cviuili’oration 
with wall conditions.
W'e have thcrcfoic used the ideas of surface icncwal to 
vlevelop an impioved two psnamctei In:m of tlie Reynolds 
theory. Vv'e retain the Rey riolJs | lux (, ) is one parameter Iva: 
introduce a si/e ),..nametei R  w Inch ;vhy sicatiy cm responds 
to a normal dimctis'on of in.) "eddies" cr "emitics" in 
contact, with the transpoit surface or wall. As in L'anckweits 
formulation [8] inolcc.uhu iransnoit occurs to tin enlitict lU 
contact with, the solid surface.
Thus (he. transport processes within lluid elements aie 
defined b v
r  nil ('(>
c\- cl
r N ;  _ c U  
d.v" " rl 




1 ?M S H O R T E R  C O M M U N I C A T  I O N S
w i t l i  boLiiiuary conditions
( — 0 A K; 0 (I — (,q U  "  c — c..
; > 0 . v - 0 R : . 0  H =  0 C -  Q
A ^  X R -  (Z, U  ■--- U ,  C -  C ,
Tiic solutions of these equations give instantaneous 
transport  cocli'icients at the solid surface.
KpC).
1 .




— m ass  transnort
X2)
To obtain average valiics of these codhclciits it is necessary 
to ob’aia some surface age d i s t r i b u t i o n I t  is at this point 
thm nur jiresentaiion diverges I rom that ol Danckwcrts [8].
The mass oi surface d . 1. having an age between l and l -\- 
dt is simply p R  d.4 d>!i) dr.
A ! " 0  the rate of decrease of surface of any age is equal to 
the rale at which suilaoc ol' that age is replaced.
Rate of lepiacc'ueut of surface of age r to I f  di is r.. </)(/) 
d/ whence
^I p R  =  .di




Now the heal transfer coefficient for the surface is the 
average of all the local cocltieicnts
K p C , . K C p :  
R '





The mean age of entities at the surface is
t5a)
(5b)
/ 6(/i di p R ( 0 )
The parameter  R in this model represents a surface layer 
depth and since the dtllusjon cqual icns have been solved 
for semi-infinite Immuiarv condilions it would seem that R 
must lie greaior than tlie depth to vvlusli th.e molectd.tr 
dilfusion procès.'- h,,is pc.ieiisitc,!. i.e.
I? I
R  >  \ytV- 
R  >  fv/)'
K >  (Di)^ 
Substituting fo.i i I rom (G)
or R >  
or R >  ■ ■ .














liquations (9) merely indicate that the normal Reynolds 
Tiicoiy transport coefficients represent the maximum 
possible values obtainable.
Physically R  might be taken as the depth of the laminar 
sublayer in tuibulent  flow, fIcovcver. the theory ofturbuler.ee 
by Tyldeslcy and Silver [14] utili/es the entity concept 
with an entity si/e related to the microscale af the tm Indence 
as one of the. parameters describing tlic turbulence, and it 
may later be possible lo introduce R in that context.
Experimentally the data from anemomctry experiments 
by Laufcr [15] and Wells liarkncss, and Meyer [Ih] 
suggest that in ducts or pipes both the itcjrth of lamin.ir 
sublayer and the turbulent microscale near the walls of the 
duct are of same oider.
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1. Introdu c t i ori
The phenom enon of flashing flovir, in short nozzles and orifices has 
been the subject of inany experimental and theoretical investigations. In such 
flows mass ti'ansfer takes place b e tw e e n  phases. Since the rate of flow of 
two-phaso mixture is affected by t’ne quality of tlie flowing mixture, a 
k n o w le d g e  cf the rate of mass transfer between phases is necessary for the 
accurate description of flashing flows.
Mass tranrjfer bo  two on phases is a t  im e -  do pen  d e n t  process a n d ,  although 
in the case of critical flashing flows certain a u t h o r s  have had some success 
in assuming fJiermodynam:]c eqnilUTrium betwee]! phases, in general some l a c k  oi' 
equilibrat'J oi'i between phases may exist. This d e p a r t u r e  fruin th e rm o d y n a m ic  
equilibrium should be most marked in flows v/herc the residence time for t h e  
flashing mixture in the flow passage is very short, Experimental evidence of 
this phenom ena can be found in the experimental studies of Stuart an d  Ygrnall (1) 
for discharges thn'ough orifices^  and of Cruvcr (2). In both cases slmiultaneous 
measurements were made of liquid phase t c n i p e r a t u r o  and local pressure. Those 
studies showed that the liquid phase température could be considoi'ab.ly in excess 
of the saturation temperature corresponding to t h e  local p r e s s u r e ,  suggesting' 
the t the liquid ]jhase was in some motastablc-; state.
This slioT’t paper presents a method of calculating rates of evaporation 
(and c o n d e n s a t i o n )  from t h e  surface of licïuids exposed, to changes of local 
pressure for s i  out time i n t o r v u . l s .  This m etliod is d e r i v e d  from  a s i  i,yd e m odel 
o f  turbulent floTg the D a n c k w c r t s '  surface r e n e w a l  model (1).
2 .  The D anckw crus  'kJV'f.^vHy Dc! icvral i'k.'dol
The surface renewal medol proposed by ]linc‘]"Worts (j5) dcsc.c.ib,\s heat 
transfer between a  liq'uid a.nd its boanoary suiT.vie i n  'terme of a ligasd sunk c:- 
film c o n s t a n i . ] y rcnewvél by a lotoral flu.x of Dn.ps, o.c eddies, of fluid (.ighp 1^  .
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H e a t  t r a n s f e r  a t  t h e  s u r f a c e  i s  a ssu m ed  t o  t a k e  p l a c e  s o l e l y  by 
c o n d u c t i o n  an d  f o r  t h e  c o o r d i n a t e  s y s te m  o f  F i g .  1 c a n  b e  d e s c r i b e d  by  t h e  
c o n v e n t i o n a l  u n i - - d i r e c t i o n a l  fo rm .
& ( 1 )
I f  ( 1 )  i s  s o l v e d  f o r  s e m i - i n f i n i t e  bou n d s ;ry  c o n d i t i o n s




w h e re  t  i s  t h e  t im e  f o r  w h ic h  a n  e n t i t y  i s  i n  c o n t a c t  w i t h  t h e  s u r f a c e .  Then
t h e  s o l u t i o n  i s  s t a n d a r d  a n d  may be  found, f o r  exam ple  i n  C a r s l a w  an d  J a e g e r  (4 )
The i n s t a n t a n e o u s  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  a n  e n t i t y  o f  a g e  t  i s
i .k p C
TTt
O )
However t h e  e n t i t i e s  i n  c o n t a c t  w i t h  t h e  s u r f a c e  h a v e  a g e s  i n  t h e  r a n g e  
t  = 0 t o  t  f o r  a  s t e a d y  s t a t e  s i t u a t i o n .  H ence  t h e  e f f e c t i v e  h e a t
t r a n s f e r  c o e f f i c i e n t  o v e r  t h e  s u r f a c e  i s  g i v e n  by  t h e  i n s t a n t a n e o u s  v a l u e s  
w e i g h t e d  by  an  e n t i t y  s u r f a c e  a g e  d i s t r i b u t i o n  0  (t),>
'"V"
i.e. h    ( '*1' )




The distribution 0(t) c m  be evaluated.
Let the number of entitj.es atriking the surface per unit time be S. 
The rate of decrease of Burfaoo of any age is equal to the rate at which it 
is replaced. The rate of replacement of surface of age t to t -i- dt is 
S0(t) dt per unit area,
TTic number of enti.tilos per unit area having ages between t and t + dt 
is 0(t) dt. j-
Whence
- S0(t) (5)
with solution for 0{t)
0(t) = (const) exp (- St) (6)
Wow li,ipose on 0(t) the condition
(7)
T hen  c o m b in in g  (6 )  a n d  ( 7 )  a n d  s o l v i n g  f o r  c o n s t a n t
0(t) -  S ex p  ("• S t )  ( 8 )  .
S u b s t i t u t i n g  (p )  a n d  (8 )  i n  (•'■!•)
1- -M-'r (g7 k p C. j- d
n  :::: \ -- ----- 7 t  j  t  S exp  ( "  S I )  d t  (9 )
' ' d b
h .  E): ion  s i  on oT Danckwcr'cf s Modei t o  P r e d i c t i o n  f o r  S l i o r t  Ex no s u r e  T in e  
C o n s i d e r  now t h o  c a s e  wlioro t h e  l i q u i d  f lo w  t a k e s  p l a c e  Vvith no  h e a t
t r a n s f e r .  A l t h o  igh no h e a l  t r a n s f e r  - lakes  p l a c e  a  s u x 'f a c c  f i l m  o f  o n t  i t  j o s
w i l l  s t i l l  e x i s t  a t  t h e  l i q u i d  l ;oaiK lary  end w i l l  s t ü L l  b e  r e n e w e d .  The o n - l i t ,
ago d i s l r i b u t l o r ;  wj 31 t h e n  h a v e  t h o  fcv'm g i v e n  In '  o q u n ' l io n  ( 8 ) .  Himpose thevi
that h e a t  t r a n s f  ex  i in v l .a n lc n e o u s  commence u a t  t h o  s u r f a c e  a t  t  -  0 .  Thon
if exposure t:ii;ies are limited to tj.moa t of order y; the upper limit o(' it 
integrals in ( 4 ) miust be set at t and the cifectlvo h e a t  Iransfer rate of Lc 
time T is given by
i . e .
\  =• ' ------------------ r— -  ( 1 0 )
if;. E v a p o r a t l o n  Bal:os__^r|: JSliC'rt Timo_ I n ' t o r v a l n ,
C o n s i d e r  a  p l a n e  1 i q u i d -  v a p o u r  I n t e r f a c e  w i t h  t h e  p o a r ic s  ;In e q u i l i b r i i r . i ,  
I,et. t h e  l i q u i d  b u l k  t e m p e r a t u r e  b e  a n d  l o t  t h e  p r e s s u r e  a c t i i i g  on t h e '  o u r ik  
bo Pp.
S u p p o se  t h a t  t h e  p r e s s u r e  a c t i n g  on t h e  l i q u i d  s u r f a c e  i s  now s u d d e n l y  
r e d u c e d  a t  t i m e  t  0 t o  a  v a l u e  Pp v s i th  c o r r e s p o n d i n g  s a t u r a t i o n  t e m p e r a t u r e  
s u c h  t h a t  T T h e  l i q u i d  i.s s u d d e n ly  tal< on i n t o  a ta .s t a b l eScîl C brA. U jJ
s t a t e  a n d  w i l l  r e t u r n  t o  the r iF odynan iic  ecp.ri l i b r i u m  by  e v a p o r a t i o n  o f  t h e  l i q u :  
a t  some r a t e  p e r  u n i t  a r e a .
H e a t  t r a n s f e r  t a k e s  p l a c e  a t  a rc-rto cpp fro m  t iro  b u l k  l i l q u i d  t o  t h e  
i n t o r a c o  s u r f a c e  a n d  a t  r a t e  q fro m  t h e  s u r f a c e  i n t o  th.e v a p o u r .  Tho ] i e a t  
t r a n s f o : c  t o  t h e  l i q u i d  s u r f a c e  i s  ossum od t o  b e  due  t o  a  l a t e r a l  m o t io n  o f  
e n t i t l e / ;  t o  t h e  s u r f a c e ,  *'
F o r  e n e rg y  h r . l a n e o  a t  t h e  s u i ' f a o c
an d  (T^  ^ -  T,, ) T^ s u r f a c e  t o m p o r a t u r o .
P r o v i d e d  t h t  h 'c a t  l o s s  from  t h e  va  p o o r  t o  i t s  s u iT o u n d .f c g s  ;i.s s m a l l  
t h e n  t h e  t e m n o r a t u - e  g r a d i e n t  i n  t ) i c  v ap c in '  p h a s e  m-'-y be n e g l e c t e d .  I f  t h i r  
i s  d one  t h e n
' '7  f  ^ s a t  
H))d q., .F C
wh cm c e  e q u a t i o n  ( l i )  c a n  b e  w r i t t e n a s
rn
h.,. e g  -  k a b
fE
A  b t
P
( 1 2 )
3viiere x
Cp (Tb -  T , a t )
Ht g
S u b s t i t u t i n g  f o r  h,j  ^ f r o m  ( lO )  i n  (1 2 )
T
m X
h,  ^ 0 ( t )  d t
J  0 ( t )  d t
o
Tho mean v a l u e  o f  m,^ , o v e r  t h e  p e r i o d  fro m  t  = 0 t o  t  -  i i s
(1 4 )
W r i t i n g  :ln t h e  fo rm  o f  ( i p )  I n t o  ( 1 4 ) ,  and  s u b s t i t u t i n g  f o r  h.j an d  ( t )
I
J S t  ^ d ' b ,  exp  ( -  S t )  d t
ra =




d t .  S e x p  ( -  S t )  d t
I n t e g r a l s  o f  t h i s  fo rm  ca n  be e v a l u a t e d  a n a l y t i c a l l y  o n l y  w i t h  e x t r e m e l y
T
d i l l i c u J  v y  i f  a t  a l l .  However j f  t <u<  g f n e n  ex p  ( -  S t )  1 1 an d  t h o
e q u a t i o n  (1 3 )  c a n  be é v a lu a  tod a s
k fi 0
■iï T ( 16)
The assu .iqx tl  on T-aFfi-y cam be j u s t  j f i d  o n ly  by  shown: ng t h a t  t h o  p v c a i ic t :  
o f  e q u a t i o n  ( iG )  a i r ,  c o n s i s t e n t  wJ Ih c a p c r i io e n i ,  ] d a t a  f o r  o v o n o r a t î on a t  si o r t  
t im e  i n t e r v a l s .
The a s s u M o t io n s  made i n  t h o  d e r i v a t i o n  a r c  s u c h  t h a t  ccjuctd on (1 6 )  rh-eul d
- 6 -
be equally applicable to 'the prediction of condensation rates at short time
jntervaln.
fL C c m p a i lo o n  w i t h  E x p e r i m e n t a l  D a ta
The p r e d i o t u v e  e q u a t i o n  ( ] 6 )  m u s t  b e  co m p ared  w i t h  e v a p o r a t i o n  r a t e s  a t  
S A jitab ly  s h o r t  t i m e  i n t e r v a l s .  F o r t u n a t e l y  e x p e r i m e n t a l  s t u d i e s  e x i s t  o f  
e v a p o r a t i o n  an d  c o n d e n s a t i o n  r a t e s  f ro m  t h e  s u r f a c e  o f  w a t e r  j e t s .
H ickman e t  a l  ( 3 )  ex a m in e d  t h e  o v a p o r a t i o n  a n d  c o n d o n s a t i c n  c f  w a t e r
fï'oin t h o  s u r f a c e  o f  j e t s  a t  low ■ tem p e ra tu re s  an d  p r e s s u r e s .  P r e s s u r e s  o f
' o
o r d e r  10 ' b a r  w e re  u s e d  w i t h  t e m p e r a t u r o  d i f f e r e n c e s  o f  o r d e r  10 C.
-Exposure t i m e s  w o re  i n  t h e  r a n g e  3 x. 10 s e c  t o  2 yC 10 ■ s e c ,  H icJcrnn s
d a t a  i s  p l o t t e d  i n  P i g ,  t  t o g e t h e r  vrLth t h e o r e t i c a l  p r e d i c t i o n s  from
e q u a t i o n  ( l 6 ) <  I n  g e u e i - a l  t h e  p r e d i c t i o n s  a r e  good f o r  e x p o s u r e  t i m e s  o f
a b o u t  10"-^ s e c  b u t  o v e r  p r e d i c t  e v a p o r a t i o n  r a t e s  by  a r o u n d  1 0 ;h
- Raters o f  c o n d e n s a t i o n  o f  w a t e r  v a p o u r  on j e t  s u r f a c e s  h a v e  a l s o  b ee n
ex a m in e d  e x p e r i m e n t a l l y  b y  J a m ie s o n  ( l 6 ) .  H e re  v a p o u r  p r e s s u r e s  r e n g e d  from
0 . 1 8 5  b a r  t o  0 . 9 8  bax’ w i t h  t e m p e r a t u r e  d i f f e r e n c e s  f r o m  t o  lOO^C,
r  ... Il
E x p o s u r e  tR n o s  r a n g e s  fro m  2 x  IC 'E  s e c .  t o  p  x  10" ' s e c .
F i g u r e  4 sbovos J a m i e s o n ' s  r e s u l t s  com pared  w i t h  t h o  v a l u e s  p r e d i c t e d  
b y  e q u a t i o n  ( I 6 ) . H e re  a g re c i r .c n t  a p p e a r s  good  f o r  e x p o s u r e  t im e  s  ab o v e
2 X 10 s o c .  b u t  e q u a t i o n  (1 6 )  u n d c r p r o d i c t s  a t  s h o r t e r  e x p o s u r e  t . im c s .
From t h i s  c o ’x p a r i s o n  o f  t h o  p r e d i c t i o n  o f  e q u a t i o n  ( 1 6 ) w i t h  e x p e r i m e n t a l  
d a t a  i t  w ould  scorn t h a t  e q u a t i o n  ( 1 6 ) p r o v i d e s  a c c u r a t e  p r e d i c t i o n s  o.'^
j j -y
co n d e n sâ t : )  on v a t  o s  f o r  e x p o s u r e  t im e s  i n  t h o  r a n g e  2 x. 10  s e c ,  t o  2 ,x  10 Sc 
o v e r  a  vai.do r a n g e  o f  p r e s s u i - c s  and  t e m p e r a t u r e  d i f f e i e n c o s  b u t  w i l l  co n s :I ,s tea \ . l ,  
o v o r p i ' c d i e t  e v a p o r a t i o n  r a t e s  by a p p r o x i m a t e l y  1 0 5 .
The t e n d e n c y  o f  e q u a t i o n  ( I 6 ) t o  o v o r p r e d i c t  o v a p o r a  t i  on r a t e s  i s  
p r o b ' tb ly  i n t . r o d r  cod by t h e  a s s r m p i i  o r  t h a t  t h e  tem p crau b u rc  g r a d i e n t  i n  t h e  
v a p o u r  ph .n .s  was n c . g l i g i h l e .  A c c u r a t e  p r e d i c t  j on o f  t h o  ( T f o c t s  c f  a  v a p o u : '
phase ternporaturo gradient might well roquir/e consideration of efJ'ects at
the liquid vapour interface of the typo discussed by Dornhorst and hatsopouios ('
Closure
Tl'te simple model discussed in this paper offers a method of predicting 
mass transfer rates between phases in flashing flow situations where the 
flashing m i x t u r e  is resident in'the flow passage for a short ti.riic. Situa tions 
of the type are found in tho critical flasliing-flow of liquids in short 
nozzles and orifices and an approach to prediction of evaporation rates 
similar to tliat presented hero has been used in t h e  dovei.opment of a 
theorotical model of critical tw o - p h a s e  flashing flows in short nozzles(6).
A cldiovtl od gemcnts
The author wishes to t h a n k  Professor R .S ,  Silver, Mr. J . R ,  Tyldesley 




C - specific heat at constant pressure
h = heat transfer coefficient
H.|.g “ enthalpy difference between liquid and vapour phases
K 4 thermal conductivity
m = mass flux
P = pressure
q r. rate of heat transfer
T = temperature
S ~ entity renewal rate
o; - thermal diffusion coefficient
p - density
T e x p o s u r e  t im e
0 = temperature difference between fluid and. transfer surface,
Subscripts
b - in bulk liquid
f = for liquid phase
g =- for vapour phase
s == at liquid surface 
sat . :'= at saturation conditions
t,T “ at'time t, t
“ - in bulk liquid
R e f e r e n c e s
1. STUART, M.S. and YARRALL, D,R. "Fluid flew through tvio oril'j.ces 
in .series". Trans. ASMEVol 66 (I9W) p.5 8 7. '
2. CRUVER, J.E, "Metastable critical 1.1 ev; of steam-vjater mixtures"
Ph.D. Theses, Department of Chemical Engineering, University of 
Washington ( '.96b).
3 . D/UIO]fhhRTS, P.V. "Signif:ic:ence of liquid--film coefficients in gas 
absorption". Ind.. Eng. Cher;. Vol. 4;) (1951) PP 146o
4. CARSLAVf, U.S., and JAEGER, J.C. "Conduction of heat in solids"
O.xi'ord (1947)
5 . ïilCKFAîi, et al. "Behaviour of liquid surfaces during evaporation of
condensation" . 0,S.V/<. R & D, Progress Repor t Do, 592 (I9 6 9)
6 . JAHIESOV, D.T. "Condensation coefficient of water". Nature, Vol 202 
(1964), p.465.
7 . ' BORUnORST, W.J. and UATDOPOUDCS, G.N. Journ. App. Mech. (I9 6 7) p.64c
8 . THOMSON, G.M. "Aspects of Duo phase critical-flasliiiig flow of wetor
in short nozzles". Ph.D. Thesis, University of Glasgow, in preparation 
for presentation, Oct. 1972.
E V A P O R A T I O N  = EXPERIMENT O
THEORETICAL EQNA IS ) —  








THEORETICAL EO.H.' !6 |-—  
BAR T E M P  DIFFERENCE=5'4°C
C/i
04
Al W U l \ l
2-0






ü v i l l A L  S T E A M  P R E S S U R E  0-99 B A R  
CONDENSATION A T  70°G
X  E X P E R I M E N T A L  D A T A  
  -THEORETICAL P R E D I C T I O N  E Q M .  S 8
INITIAL S T E A M  P R E S S U R E  0-185 B A R  
CONDENSATION A T  3 0 %
O  E X P E R I M E N T A L  BATA










IE ( s e c  X 10'^
Fkj._3, Comparison of predictions of 
w ith  d a t a  o f  Jamieson
"Aspects of Two-Phase Critical Flow of Water iii Short Nozzles under
F l a s h i n g  C o n d i t i o n s . "
GORDON M.’ THOMSON, B .S c .
SUMMARY
The phenom enon o f  c h o k in g  o r  m ass l i m i t i n g  f l o w s  o f  tw o - p h a s e  m i x t u r e s  
i s  w e l l  known. The p a r t i c u l a r  c a s e  o f  c h o k in g  tw o - p h a s e  f l o w  i n  w h ich  m ass 
t r a n s f e r  t a k e s  p l a c e  b e tw e e n  p h a s e s  i s  d e s i g n a t e d  t w o - p h a s e  c r i t i c a l  f l a s h i n g  
f l o w ,  a n d  h a s  b e e n  t h e  s u b j e c t  o f  many t h e o r e t i c a l  a n d  e x p e r i m e n t a l  i n v e s t i ­
g a t i o n s  ,
I n  t h i s  w o rk ,  e x p e r i m e n t a l  an d  t h e o r e t i c a l  s t u d i e s  a r e  d e s c r i b e d  f o r  
c r i t i c a l  f l a s h i n g  f l o w s  o f  w a t e r  a t  t e m p e r a t u r e s  b e tw e e n  120 °C an d  140 ^C w i t h  
maximum s y s t e m  p r e s s u r e s  o f  10 b a r ,
A s i m p l e  m odel f o r  t u r b u l e n t  h e a t  t r a n s f e r  i s  d e v e lo p e d  f ro m  t h e  R e y n o ld s  
F lu x  m odel by  i n t r o d u c i n g  a  s e c o n d  p a r a m e t e r  i n t o  t h e  d e s c r i p t i v e  e q u a t i o n s .
T h i s  r e v i s e d  f l u x  m odel i s  a d a p t e d  f o r  p r e d i c t i o n  o f  r a t e s  o f  e v a p o r a t i o n
* *  ^an d  c o n d e n s a t i o n  f ro m  t h e  s u r f a c e  o f  w a t e r  j e t s ,  e x p o s e d  t o  l a r g e  v a r i a t i o n s
o f  s u r f a c e  p r e s s u r e  f o r  s h o r t  t i m e  i n t e r v a l s  ( o f  o r d e r  1 m i l l i s e c o n d ) .  The
p r e d i c t i v e  e q u a t i o n ,  f o r  e v a p o r a t i o n  r a t e s ,  i s  shown t o  b e  a p p l i c a b l e  t o
e x p e r i m e n t a l  s i t u a t i o n s  s i m i l a r  t o  t h e s e  f o u n d  i n  c e r t a i n  t y p e s  o f  c r i t i c a l
f l a s h i n g  f l o w .
A new m o d e l  o f  c r i t i c a l  tw o - p h a s e  f l a s h i n g  f l o w  i s  d e v e lo p e d  u s i n g  t h i s  
m eth o d  o f  p r e d i c t i n g  e v a p o r a t i o n  r a t e s .
By c o m p a r i s o n  w i t h  e x p e r i m e n t a l  d a t a ,  t h e  m o d e l  i s  shown s u c c e s s f u l l y  
t o  p r e d i c t  r a t e s  o f  c r i t i c a l  f l a s h i n g  f lo w  o f  w a t e r ,  i n  n o z z l e s ,  i n  c a s e s  
w h e re  t h e  f lo w  i s  s u b c o o l e d  u p s t r e a m  o f  t h e  n o z z l e  e n t r a n c e .
F o r  t h e  e x p e r i m e n t a l  t e s t s ,  i n i t i a l l y  s u b c o o l e d  w a t e r  a t  t e m p e r a t u r e s  
up t o  140 °C an d  p r e s s u r e s  up t o  7 b a r  was d i s c h a r g e d  t o  a t m o s p h e r i c  c o n d i t i o n s  
t h r o u g h  t e s t  n o z z l e s .  The c h o k in g  c o n d i t i o n  was o b t a i n e d  b y  v a r y i n g  t h e  u p s t r e a m  
p r e s s u r e  w h i l e  m a i n t a i n i n g  c o n s t a n t  d o w n s tre am  c o n d i t i o n s .
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The t e s t  n o z z l e s  w e re  m e t a l  w i t h  c i r c u l a r  c r o s s - s e c t i o n s  an d  c o n s i s t e d  
o f  o n e  o f  t h r e e  s i m p l e  fo rm s  o f  c o n v e r g i n g  e n t r a n c e  b e f o r e  a  p a r a l l e l  
s e c t i o n  a t  t h e  t h r o a t .  The n o z z l e s  fo rm e d  a  s e t  h a v i n g  l e n g t h s  o f  50 mm,
75 mm, 100 mm a n d  125 mm f o r  e a c h  o f  two t h r o a t  d i a m e t e r s  o f  1 2 .5  mm and
25 mm. N o z z l e s  w e re  made w i t h  t h r e e  d i f f e r e n t  e n t r a n c e s  f o r  e a c h  l e n g t h
an d  d i a m e t e r .  D a ta  a r e  r e p o r t e d  f o r  c r i t i c a l  f l a s h i n g  f lo w  r a t e s  o f  w a t e r  
i n  t h i s  s e t  o f  n o z z l e s .  By u s i n g  o n e  s i n g l e  s e t  o f  n o z z l e s  on  t h e  same 
a p p a r a t u s ,  t h e  e f f e c t s  o f  v a r i a t i o n  o f  c r i t i c a l  f l o w  r a t e  w i t h  L e n g t h / D i a m e t e r  
r a t i o  c o u l d  b e  ex a m in e d  w i t h  g r e a t e r  c e r t a i n t y  t h a n  h a s  p r e v i o u s l y  b e e n  t h e  
c a s e  f o r  low p r e s s u r e  c r i t i c a l  f l a s h i n g  f l o w s .  P r e s s u r e  p r o f i l e s  o f  t h e  f lo w  
w i t h i n  t h e  n o z z l e s  a r e  r e p o r t e d  s h o w in g  t h e  v a r i a t i o n s  o f  p r e s s u r e  p r o f i l e s  
w i t h  n o z z l e  l e n g t h  and  e n t r a n c e  p r o f i l e  a t  t h e  c h o k e d  c o n d i t i o n .  M easu rem en ts  
o f  d i s s o l v e d  a i r  i n  t h e  w a t e r  u s e d  i n  t h e  e x p e r i m e n t s  a r e  a l s o  i n c l u d e d .
The e x p e r i m e n t a l  d a t a  a r e  co m p ared  w i t h  t h e  a s s u m p t i o n s  made i n  d e r i v i n g
t h e  t h e o r e t i c a l  m o d e l  and  w i t h  t h e  p r e d i c t i o n s  made f ro m  t h e  t h e o r e t i c a l  m o d e l .
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